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The response of seabed under wave loading is of immense important for many 
engineering problems like the sinking of objects placed on seabed, the stability of 
sub-marine slope and many offshore structures, such as offshore platforms, 
breakwaters etc.. The in-situ stress levels are important to the seabed response 
because the soil is a highly non-linear material. It is difficult to reproduce correct 
in-situ stress levels in general wave tank tests under 1-g conditions. Thus small 
scale wave tank was placed in a centrifuge to investigate the sand bed response 
under high in-situ stress.  
A new wave making system was developed to generate progress waves in 
centrifuge. The characteristics of the wave making system are the using of paddle 
driven by an AC servo motor as a wave maker and the using of slotted partition 
with gravel behind as a wave maker. The time scaling laws of fluid wave 
propagation and consolidation of soil were matched using the viscous scaling. 
Loose sand beds, using both fine and coarse sand whose mean grain size are 1 mm 
and 0.2 mm respectively, were prepared by pouring sand into silicon oil. 
Wave loadings were applied to the loose sand bed to investigate the gradual 
build-up of pore pressure, densification and settlement of sand bed. It was found 
that under severe wave loading the loose fine sand bed underwent liquefaction due 
to the build-up of pore pressure and large settlement occurred. However, there is 
no evidence on the build-up of pore pressure and large settlement occurred in 
coarse sand bed. It is believed that the permeability of soil is directly linked to 
 v
such a phenomena. Dense sand beds are obtained after the cessation of wave 
loading. 
New wave loadings were applied to observe the oscillating response of the sand 
bed. The decrease in pore pressure and the appearance of big phase lag in the pore 
pressure responses are the most prominent characters in the sand bed responses. 
The solution of Hsu & Jeng could be used to compare with the experimental 
results. The results show the pore pressure profile is in agreement with the results 
of analytical solution for both fine and coarse sands and the boundary has an effect 
on the pore pressure response. An obvious increase in pore pressure near the 
bottom can not be predicted by the analytical solutions.  
Cyclic liquefaction was not observed in the present experiments with the applied 
wave loading. However, a simple centrifuge test of wave-structure interaction 
shows a pipe placed on a dense fine sand bed could dive in the soil under wave 
loading  
 












The phenomenon of seabed response to water waves has attracted increasing 
attention in recent years. The reason for the growing interest is that the damages of 
many offshore structures (such as pipelines, piers, breakwater, mines, etc.) due to 
wave loading were reported, and this damage is from wave-induced seabed 
response in the vicinity of offshore structure, rather than from the construction 
causes. For example, concrete armor blocks have been found to settle into the 
seabed, in which the decrease of the vertical effective stress in the seabed and 
resultant liquefaction and decrease of soil stiffness due to wave loading were 
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Figure 1 Sketch showing wave-induced seabed response 
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Chapter 1 Introduction 
When water waves propagate in the ocean, they generate significant dynamic 
pressures on the sea floor. This pressure field induces a stress field and associated 
pore water pressure fluctuations within the seabed. Generally speaking, two 
mechanisms of the wave-induced seabed response can be generated by water 
waves, depending on the manner in which the pore pressure is generated (Nago et 
al., 1993). One is induced by the progressive nature of the excess pore pressure, 
which appears at the initial stage of dynamic loading and can be named as ‘gradual 
build-up response’, see Figure 1.1 This kind of soil response is the same as the one 
in earthquake. The other is caused by the oscillatory pore pressure, which is 
accompanied by the damping of amplitude and phase lag in the pore pressure and 
can be named as ‘oscillating response’, see Figure 1.1. This type of seabed 
response is periodical. 
The occurrence of seabed instability is a widespread phenomenon in the ocean 
environments (Barends and Spierenburg, 1991). There is evidence of ocean floor 
instability in a wide variety of offshore regions, from shallow water, near-shore 
zones, continental slopes and beyond to the deep ocean floors. The instability of 
the seabed has been responsible for the damage and destruction of offshore 
structures (Bea et al., 1983; Christian et al., 1974). 
Although the wave induced seabed instability phenomenon in the vicinity of a 
marine structure has received great attention among coastal and geotechnical 
engineers in recent years, preliminary experiments and theories for such a problem 
have only been available for two-dimensional progressive waves. Recently, some 
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progress has been made towards the development of both analytical and numerical 
approaches for some simple modes of instability in the vicinity of marine 
structures. However, a detailed and complete analysis of the complex mode of 
instability and analysis of movement and deformation requires more rigorous 
researches in the future. 
 
1.2 Objective and Scope of Study 
The aims of this study are: (1) to develop a set of wave generating system which 
could be used in centrifuge modelling; (2) to use this system to investigate the sand 
bed response to water waves. 
The thesis is organized in five chapters and the structure of thesis is as follows: 
Chapter 2 presents a literature review of previous work done on the subject of 
sand behavior under wave loading. Special attention is paid to seabed oscillating 
response under the wave loading. A summary on the present state-of-art on the 
seabed response is presented 
Chapter 3 gives the details of experimental setup, scaling laws involved and the 
methods used to determine the parameters of the experiment. Experimental proper, 
experimental procedure is also presented here 
Chapter 4 includes the results, findings and discussions of seabed response under 
the wave loading  
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Chapter 5 Summaries the important findings that emerge from the studies 
reported in the thesis. Recommendations and directions for future research are also 
included. 
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There are two types of pore pressure change due to wave loading: (1) gradual build-up 
of pore pressure; (2) Oscillating change of pore pressure. According to Seed and 
Rahman (1978), in most marine sediments, the wave induced soil response is 
oscillatory in nature, except for some special cases of non-cohesive sediments with 
loose to medium density. Based on this factor, most of investigations focused on the 
type 2 response, i.e. the oscillating response. 
 
2.2 Investigations on the gradual build-up seabed response 
Some wave tank tests under 1 g condition have been conducted to investigate the first 
type seabed response in seabed mechanics and coastal engineering, and some 
interesting observations have been made. Clukey et al. (1985) and Foda & Tzang 
(1994) conducted wave tank testes to investigate the build-up of residual pore water 
pressures and liquefaction of silt. Such phenomenon also can be observed in the wave 
tank tests of Van Kessel & Kranenburg (1998) on clays. Sumer et. al (1999) 
conducted a series of flume test in a silt bed to investigate the sinking and floatation 
of a pipeline and other objects (namely, a sphere and a cube). He found as the waves 
progressed, the pore-water pressure built up and the soil liquefied for wave heights 
larger than a critical value.  
Sasaa & Seckiguchi (1995, 1998, 1999) conducted a series of wave tank tests using a 
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centrifuge facility to investigate the pore pressure build-up and liquefaction 
characteristics of fresh deposits of loosely packed sand under progressive and 
standing wave-loading. Their work is described in the section 2.4. 
 
2.3 Investigation on Oscillating Seabed Response 
Three kinds of approaches have been employed to investigate the mechanisms of 
wave-induced seabed oscillating response. The first one is analytical solutions. Based 
on different assumptions, a series of mathematical solutions either in a closed form or 
a coefficient matrix form could be developed. Numerical methods, such as finite 
difference methods, finite element methods, boundary element methods and element 
free methods, are the second approaches. Third, physical models, including laboratory 
and field measurements, are used to obtain quantitative values. 
 
2.3.1 Analytical Simulations 
The major difficulty in solving the water-soil interaction problem analytically has 
been the mathematical representation of the dynamic behaviors of a soil-pore fluid 
complex induced by ocean waves. Most analytical solutions available have been 
based on various assumptions regarding the relative rigidity of the pore fluid and soils. 





Chapter 2 Literature Review 
a. Laplace’s Equation 
The first type of analytical solution was proposed by Putnam (1949), Reid and Kajiura 
(1957), Sleath (1970) and Liu (1973), based on the assumptions of a rigid, permeable 
sandy seabed and incompressible pore fluid. Among these, Laplace’s equation is the 
governing equation for the wave-induced pore pressure. 
Using a linear wave theory, Putnam (1949) presented a simple solution for an 
isotropic porous seabed of finite thickness. He found that a significant loss of wave 
energy occurred in the presence of a porous sandy seabed due to viscous percolation 
of fluid. The percolation was activated by the pressure variation within the seabed. 
The solution indicated that the pressure distribution within the seabed depended only 
on the wave characteristics and geometry of the sand layer, but not on the properties 
of the seabed. However, Reid and Kajiura (1957) pointed out a possible error of the 
wave height in Putnam’s paper, which overestimated the dissipation function by a 
factor of four. 
Based on the same assumptions of Putnam (1949), Sleath (1970) investigated the 
wave-induced pore pressure for a porous seabed of finite thickness with anisotropic 
permeability. He also conducted laboratory experiments to verify the theory, resulting 
in the discovery of a phase lag (less than 10 degrees) in the pore pressure. However, 
these experimental results were inconsistent with his theoretical results. 
Considering the viscous effect of boundary layer and energy balance, Liu (1973) 
modeled the flow in a permeable bed and determined the damping rate for an infinite 
seabed. Continuity of pressure and velocity are required as boundary conditions at the 
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interface up to the order 2/1ν , where ν is the viscosity of the pore fluid. His results 
indicated that there was no relationship between pore pressure and permeability, 
whilst fluid velocity depended on the porosity and permeability. However, Huang and 
Song (1993) pointed out that Liu’s solution only considered the pressure condition 
whilst neglecting shear stress. Thus, it may not be a complete analysis of viscous flow.  
Liu (1977) further developed a solution for the damping of the wave-induced pressure 
in a two-layered porous seabed. Compared with the solution for an infinite seabed 
(Liu, 1973), the pore pressure was found to depend on both the permeability and 
thickness of the upper layer only to a small degree. However, he only considered the 
case of a two-layered seabed with uniform permeability in each layer. Later, based on 
the generalized Darcy’s equation (Dagan, 1979), Liu and Dalrymple (1984) 
considered the boundary layers between the seabed surface and the impervious 
stratum. They concluded that the spatial damping rate depended strongly on the 
permeability and the water depth, when the physical wave number remained 
approximately the same over its rigid bottom. 
From a different aspect, Massel (1976) took into account the non-linear damping and 
the inertia terms in the momentum equation for a rigid porous seabed. His results 
indicated that the effect of permeability on the pressure distribution in the seabed was 
negligible and that they were essentially the same as that from Laplace’s equation. 
In describing the wave-induced soil response, Mallard and Dalrymple (1977) used a 
set of elastic displacement equations based on the assumption of stress equilibrium 
within the soil, neglecting the effect of soil inertia on the response. Dawson (1978) 
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considered the soil inertia term in the model of Mallard and Dalrymple (1977). They 
pointed out the effect of the soil inertia term could not generally be ignored without 
committing serious error for the case of an incompressible soil. 
Since the rigid body approach disregards the seepage flow and pore pressure 
development in soils, the theories within this category provide no information on the 
effective stress, which is essential when elastic waves in soils are considered. 
Furthermore, it was assumed that the internal friction force of a soil is proportional to 
the strain rate in these theories (Massel, 1976; Dawson, 1978). However, as shown in 
the experimental data of the stress–strain relationship in marine soils (Stokoe et al., 
1989), the internal friction form is independent of strain rate. The same authors 
suggested that the soil internal friction is not of viscous friction form, but of Coulomb 
friction type. 
 
b. Diffusion equation 
The second type of analytical approximations has been proposed by Nakamura et al. 
(1973) and Moshagen and Torum (1975), based on assumptions of compressible pore 
fluid and a non-deformable porous seabed. This results in the heat conduction 
equation or diffusion equation for pore pressure.  
 
Nakamura et al. (1973) compared the theoretical results of pore pressure with 
laboratory experiments in fine and coarse sandy beds. The experimental results for the 
latter showed no phase lag and agreed reasonably well with the solution from 
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Laplace’s equation. The data for fine sand exhibited a large pressure attenuation and 
phase lag, which agreed reasonably well with the diffusion theory. However, an 
unexplainable pressure discontinuity exists near the seabed surface in their 
experimental data. As Yamamoto et al. (1978) pointed out later, the waves generated 
in the experiments of Nakamura et al. (1973) were too steep. Therefore, the state of 
stresses in sandy beds under wave crests and troughs might have reached the limit of 
equilibrium or the state of liquefaction, thus causing a large pressure drop. 
Furthermore, a critical error was found in their calculations. The compressibility of 
the water used in the calculation was 980 times that of the real water. Yamamoto et al. 
(1978) showed that the false agreement reported might be explained by the existence 
of a small amount of air in the sand used. 
Moshagen and Torum (1975) considered the wave-induced flow in a porous medium 
under the assumption of compressible pore fluid and an incompressible soil. They 
found that the inclusion of pore fluid compressibility in the analysis of the 
wave-induced pore pressures in a porous soil significantly altered the vertical seepage 
forces acting on the soil. However, as pointed out by Prevost et al. (1975), the 
assumption made by Moshagen and Torum (1975) regarding the relative 
compressibility of the pore fluid and the soil skeleton appeared somewhat unrealistic. 
Therefore, they suggested a treatment of the soil as being compressible and the pore 
fluid as incompressible. For a soil of low permeability, they proposed a simple 
solution for the pore pressure distribution. This solution yielded an identical solution 
to that obtained from the analysis based on an incompressible pore fluid and soil, thus 
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raising serious doubts about the validity of the conclusion of Moshagen and Torum 
(1975). 
All the aforementioned theories assumed that the seabed is a rigid porous medium. 
Because these approaches do not permit the coupling of pore-fluid motion and soil 
motion, the governing equation for the pore pressure is Laplace’s equation for 
incompressible fluid, or the diffusion equation for compressible pore fluid. However, 
such solutions for pore pressure are limited to a particular case of soil and wave 
conditions, i.e. the Laplace’s equation for very permeable beds such as coarse sand, or 
a diffusion equation for poorly permeable beds such as clay. Furthermore, these 
approaches provide no information for the effective stresses and soil displacements 
in the seabed. 
 
c. Biot’s consolidation equation 
The third analytical approach was developed by Yamamoto (1977), Yamamoto et al. 
(1978) and Madsen (1978), who considered compressible pore fluid in a compressible 
porous medium. A three-dimensional general consolidation equation (Biot, 1941) and 
storage equation (Verruijt, 1969) were adopted in these studies, in which only 
progressive waves were examined. Among these, Madsen (1978) considered a 
hydraulically anisotropic and unsaturated porous bed, whilst Yamamoto et al. (1978) 
studied an isotropic medium. Both considered only an infinite thickness. Moreover, 
Yamamoto (1977) investigated soil response in a homogeneous soil of finite thickness 
under isotropic and partially saturated conditions. However, Yamamoto’s solution 
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was cast in a semi-analytical manner that did not have a closed form, because the 
mathematical work was too complicated at that time. 
Yamamoto et al. (1978) concluded that when the stiffness of a porous medium is 
much smaller than that of the pore fluid (for example, saturated soft soils), the soil 
response is independent of the permeability and has no phase lag. On the other hand, 
when the stiffness of a porous medium is much larger than that of the pore fluid (for 
example, partially saturated dense sands), pore pressure attenuates rapidly. In the 
latter case, the phase lag increases linearly with distance from the seabed surface.  
Madsen (1978) investigated a hydraulically anisotropic and partially saturated seabed. 
He found that this had an appreciable effect on the nature of the waveinduced 
effective stresses in coarse sand. For all soils, the effect of partial saturation on soil 
response may be significant. 
Yamamoto (1981) developed a semi-analytical solution for a non-homogeneous 
layered porous seabed, together with a comprehensive verification using data obtained 
from Mississippi Delta. Yamamoto (1981) pointed out that a layer of concrete blocks 
had a significant effect on the wave-induced soil response. However, the assumption 
of treating the concrete blocks as soils seems unrealistic because the properties of 
concrete blocks are quite different from soil.  
Later, Yamamoto (1983) and Yamamoto and Takahashi (1985) carried out a series of 
studies on the non-linear mechanism and the Coulomb type friction failure for the 
interaction between waves and porous seabeds. Yamamoto and Takahashi (1985) 
further applied their solutions to the case of acoustic waves propagating through 
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porous media. Recently, these solutions have also been applied to back calculate the 
shear modulus of marine sediments (Yamamoto and Trevorrow, 1991). Marine 
geotechnical engineers have used this procedure, named as Bottom Shear Modulus 
Profile (BSMP), in field measurements. 
Okusa (1985a) used the compatibility equation under elastic conditions and reduced 
the governing equation of Yamamoto et al. (1978) to a fourth-order differential linear 
equation. He found that the wave-induced pore pressure and effective stresses 
consisted of two parts. The first depended only on the wave characteristics and the 
second was related to both the sediment and the wave characteristics, the former being 
out of phase with the wave. He reported that the wave-induced soil response depended 
only on the wave conditions, not on the soil characteristics for a fully saturated and 
isotropic sandy seabed of infinite thickness. However, this conclusion is invalid for an 
isotropic seabed of finite thickness, even under a saturatedcondition (Gatmiri, 1992; 
Jeng, 1997a). 
Using a boundary-layer approximation, Mei and Foda (1981) developed a simple 
analytical solution for a porous seabed of finite thickness. Their solution agrees well 
with that of Yamamoto (1977) for fine sand. However, it may lack accuracy for all 
soils in unsaturated conditions and for coarse sand under saturated conditions (Hsu 
and Jeng, 1994). This shortcoming may be attributed to the solution being only 
suitable for a seabed with low permeability, for which a scaling was carried out 
(Huang and Song, 1993). However, their solutions are more convenient for 
engineering application due to their much simpler form, compared with those of Hsu 
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and Jeng (1994). 
Sakai et al. (1988) (pp. 61–66) extended the boundary-layer approximation of Mei 
and Foda (1981) to examine the effect of inertia and gravity force of the ocean waves 
on seabed response, and verified it with the results of their numerical model (finite 
element method). They concluded that the inertia term (acceleration) could be 
neglected in normal wave conditions except for breaking, whilst the gravity term can 
practically be ignored. 
Later, Sakai et al. (1991) modified the boundary-layer approximation to take into 
account the effect of wave-induced bottom shear stress which cannot be neglected in 
the surf zone. In his paper, it was simply assumed that the amplitude of the 
wave-induced bottom shear stresses was proportional to the wave pressure, without 
any phase lag. However, it has been reported that the wave-induced bottom shear 
stress has a phase lag of 45° to the wave-induced pressure at the seabed surface 
(Horikawa, 1988). 
Although the boundary-layer approximation proposed by Mei and Foda (1981) is a 
simple yet fairly accurate analysis, it was restricted to low frequency waves only. 
Huang and Chwang (1990) investigated Biot’s oscillatory equation for the acoustic 
problem and obtained three uncoupled Helmoltz equations to represent each of the 
three kinds of waves. Their approach is applicable for the complete range of wave 
frequencies. 
Later, Huang and Song (1993) applied this approach to investigate the problem of 
linear water waves in a channel of constant depth propagating over a horizontal 
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poro-plastic bed of infinite thickness. In the general solution presented, five 
non-dimensional physical parameters were defined. One of them represented the 
relative stiffness of solid and fluid and another expressed penetrability, whilst the 
other three revealed Mach numbers for two longitudinal waves and one transverse 
wave of the porous medium of low soil permeability. However, their solution was 
restricted to a porous seabed of infinite thickness. 
All the aforementioned analytical solutions have only been developed for the soil 
response in an isotropic seabed with uniform soil behavior, subject to the action of 
two-dimensional progressive waves. As mentioned previously, the three-dimensional 
short-crested waves have more important engineering influences on a sedimentary 
seabed (Silvester, 1972). Hsu et al. (1993) may have been the first to investigate the 
wave-induced soil response in an infinite seabed in front of a breakwater, subject to a 
short-crested wave system. A new parameter combining hydraulic anisotropy and 
wave obliquity appears in the three-dimensional condition. Later, Hsu and Jeng 
(1994) and Jeng and Hsu (1996) further extended the framework to a seabed of finite 
thickness, as well as a layered seabed (Hsu et al., 1995). They found that the degree of 
saturation and thickness of the seabed have played dominant roles in the evaluation of 
the wave-induced pore pressure. All these have only considered the isotropic soil 
behavior and homogeneous soil characteristics. 
The major difficulty in analyzing the wave-induced soil response in a seabed with 
variable permeability has been obtaining the solution for a governing equation which 
includes variable coefficients. Employing the VS function derived by Varley and 
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Seymour (1988), Seymour et al. (1996) derived an analytical solution for such a 
condition. In their study, only fine sand is considered. Later, Jeng and Seymour 
(1997a,b) further developed analytical solutions for general soils in a seabed of both 
infinite and finite thickness. They concluded that the relative difference of the 
waveinduced pore pressure between variable and uniform permeability might be up to 
50% of the amplitude of the wave pressure at the seabed surface. 
Jeng (1996a, 1997, 1998, 1998) developed a series of analytical solutions for the 
wave–seabed interaction in a cross-anisotropic seabed under two-dimensional 
progressive waves and standing waves as well as three-dimensional short-crested 
waves. Their numerical results show that a conventional solution with the assumption 
of isotropic soil behavior may overestimate the pore pressure, but underestimate the 
effective stresses. The consideration of cross-anisotropic soil behavior is particularly 
important in determining the wave-induced soil displacements. 
 
2.3.2 Numerical simulations 
Numerical modeling, including a finite difference method, a finite element method 
and a boundary element method, is another type of approximation which renders 
numerical results at discrete points for the wave-induced soil response and seabed 
instability. 
 
a. Finite difference method 
Medga (1990) developed a one-dimensional finite difference model for the  
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wave-induced pore pressure in a highly saturated sandy bed. He concluded that the 
time phase in pressure generation is dominated by the degree of saturation, 
compressibility of the soil skeleton and soil permeability. 
Zen and Yamazaki (1990) simplified a two-dimensional boundary value problem to 
one dimension, based on the assumption of the seabed thickness being very small 
compared with the wavelength. A numerical model (finite difference method) was 
also established, which was only applicable to a single layer of porous seabed.  
 
b. Finite element method 
Gatmiri (1992) developed a simplified finite element model for the wave-induced 
effective stresses and pore pressure in an isotropic and saturated permeable seabed. 
Two important conclusions were drawn from his paper. First, there exists a critical 
bed thickness about 0.2 times the wavelength, in which the horizontal movement of 
the soil skeleton is maximum and where the unstable state occurs. Second, the soil 
response is affected by soil characteristics even in a hydraulically isotropic and 
saturated seabed of finite thickness. This result complemented the solution for a 
seabed of infinite thickness reported by Okusa (1985a). However, the general trend of 
pore pressure distribution versus the seabed thickness in Gatmiri (1992) was found to 
be inconsistent (Jeng and Hsu, 1996). 
Gatmiri (1992) further extended his numerical model to consider the soil response in a 
cross-anisotropic saturated seabed. The numerical results showed that the effects of 
cross-anisotropic soil parameters are significant and the soil response was affected by 
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the combined parameters in different ways. Compared with the cross-anisotropy, the 
effect of hydraulic anisotropic permeability on the variation of effective stresses may 
be insignificant. 
A possible error in the results of Gatmiri (1990, 1992) may have stemmed from the 
boundary condition used. The lateral boundaries at x/L=1/4, 5/4 (i.e. x/L=0, 1 in his 
paper), ‘v=0, p=0 and u free’, were used in his model. However, it has been proved 
that there is a phase lag in soil response in a fully saturated seabed of finite thickness 
(Jeng and Hsu, 1996). This implies that the lateral boundary conditions, v=0, p=0, are 
invalid in a porous seabed of finite thickness. Thus, the numerical results of Gatmiri 
(1990, 1992) seem doubtful. In fact, this obstacle can be overcome by using the 
principle of repeatability (Zienkiewicz and Scott, 1972), as suggested by Lin and Jeng 
(1999). 
Thomas (1989, 1995) developed a finite element method for a two-layered 
unsaturated seabed. His result agreed well with the analytical solutions of Yamamoto 
et al. (1978) and Okusa (1985a). It also suggested that stiffer sediment in the top layer 
dominated the response of the bottom layer in a two-layered seabed. 
Recently, Jeng and Lin (1996) and Lin and Jeng (1996, 1997) developed a series of 
finite element models for the wave-induced seabed response in a porous seabed in 
front of a breakwater. The results of these numerical models agree well with previous 
two-dimensional experimental data, two-dimensional and three-dimensional 
analytical solutions. In these models, the permeability and shear modulus are 
considered to vary with burial depth. Jeng and Lin (1997) have also examined the 
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influence of non-linear wave components on the soil response. 
 
c. Boundary element method 
Raman-Nair and Sabin (1991) proposed a boundary element technique for computing 
the wave-induced effective stresses and pore pressures within the slope using Biot’s 
theory of poro-elasticity. The boundary element method was verified with analytical 
solutions for flat beds. The results indicated that there was no significant difference in 
the extent of the failure zones for fine and coarse sand, although in some cases the 
failure zone in fine sand was slightly deeper. 
 
2.3.3 Laboratory and field measurements 
Other researchers have commonly conducted physical models, including laboratory 
experiments and field measurements, in the early stage of a series of studies on this 
topic. From these, a limited number of data can be chosen to verify the present 
theoretical solutions. 
 
a. Laboratory experiments 
Laboratory experiments have been used extensively for estimating soil behavior under 
wave action. There have been numerous investigations for the wave-induced pore 
pressure based on such models for two-dimensional progressive waves. Among these, 
Sleath (1970) conducted an experiment to verify his theory. He pointed out that the 
wave-induced pore pressure was out of phase with the wave profile to the extent of 
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about 10°. 
Later, Tsui and Helfrich (1983) conducted experiments for loose and dense sands and 
confirmed the existence of a phase lag. They discovered that the maximum phase lag 
might reach one-third of the wave period. Maeno and Hasegawa (1985) proposed an 
empirical equation for the wave-induced pore pressure in some sandy beds, using the 
Stokes wave theory to a second-order. In this, the pore pressure from the seabed 
surface to the bottom of the sand layer was expressed as a function of the wave 
steepness and two experimental parameters, which depended on the permeability of 
the bed. This empirical equation involved both wave characteristics and drainage 
conditions of the sandy bed. 
Demars and Vanover (1985) measured the wave-induced pore pressure and stresses in 
a sandy bed. From their laboratory data, they concluded that elastic theories provided 
a reasonable method for estimating the total vertical and horizontal stresses in a sandy 
bed in which dilation of the grain matrix is small. Furthermore, their theoretical 
solution of the total stress for a seabed of infinite depth provided a lower bound for 
stresses in a sandy bed of finite depth. 
Zen and Yamazaki (1990) also conducted a series of experiments to investigate the 
wave-induced pore pressure. They reported that the oscillatory pore pressure could be 
represented by two non-dimensional parameters, namely, coefficients of drainage and 
propagation. It was also observed that the number of waves did not affect the 
oscillatory pore pressure significantly. 
Tsai and Lee (1995) measured the standing wave-induced pore pressure in a sandy 
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bed fronting a breakwater. Their experimental data suggested that the reduced 
two-dimensional form of the analytical solution proposed by Hsu et al. (1993) agreed 
well with the experimental results for most cases. However, the theoretical results 
overestimated the pore pressure for larger wave heights. This relative error might be 
because the theoretical solution of Hsu et al. (1993) is only applicable to a porous 
seabed of infinite thickness, whereas the experiment was conducted on a porous 
seabed of finite thickness. For this, the solution of Hsu and Jeng (1994) and Jeng and 
Hsu (1996) should be used. 
 
b. Field measurements 
Using conventional techniques, properties of seabed deposits have been estimated 
from laboratory tests of bored samples. However, these are usually accompanied by 
many difficulties such as: (1) disturbances from remolding and swelling caused by 
sampling, (2) difficulty in controlling the degree of saturation of the sand samples and 
(3) performing compression tests at low confining pressure in obtaining mechanical 
properties of the surface sediment on the seabed. Therefore, in-situ measurements are 
recommended to estimate the properties of seabed deposits. Bennett (1978) measured 
pore pressure and hydrostatic pressure of silty clay in the Mississippi Delta. 
Piezometric measurements in submarine sediments at a selected site revealed the 
presence of high excess pore-water pressures. Its presence was not only due to 
short-term rapid fluctuations in excess pore pressure during active storm conditions, 
but also due to long-term changes in excess pore pressure following the passage of 
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Hurricane Eloise through the Gulf of Mexico. Relatively rapid fluctuations were 
observed in hydrostatic and dynamic pore-pressures during storm activity, with the 
maximum pore pressure variations measured approximately onehalf of that observed 
in hydrostatic conditions. This suggested an energy loss or damping effect of the wave 
through the sediments during the storm. 
Bennett and Faris (1979) implanted a shallow-water piezometer in the Mississippi 
Delta silty clay to measure pore water and hydrostatic pressures for a period of 
approximately 8 months (March to November 1977). The field measurements 
indicated that water surface activity by tides and short period waves were observed to 
produce significant fluctuations in pore pressure. 
Okusa and Uchida (1980) measured the pore-water pressure in disturbed silty sand 
sediment at 1.5 m depth below the sea floor in about 12 m water depth concurrently 
with monitoring of wave pressure in the water at about 10 m above the sea floor, over 
the period 1976–1978 in Shimizu Harbor, central Japan. They reported that the 
damping for a long-period wave was smaller than for a short-period one. The time lag 
was relatively clear for the former but not for the latter. The curves of wave pressure 
were slightly different from the fluctuations of the differential pore-water pressure. 
 
Okusa et al. (1983) also reported several observations of the wave-induced pore 
pressure, which were measured in sand and gravel sediment at a depth of about 4 m 
from the seabed surface in water about 1 m deep. The results revealed that the 
wave-induced sea floor pressure was transferred into the sediment with damping, 
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which was slightly greater than that predicted by Madsen (1978) and Yamamoto et al. 
(1978), coupled with a time lag. Furthermore, permeability and deformation 
properties of submarine sediments would appear to play an important role in the 
damping transfer of wave pressure at the sea floor to the pore pressure with a time lag. 
Later, Okusa (1985b) reported measurements of pore pressure in submarine sediments 
under various marine conditions, including mixtures of silt, sand and gravel. He 
concluded that the rate of damping increased with shorter period waves. The pore 
pressures measured in the sediments decreased faster than that predicted by the 
theories available (for example, Madsen, 1978; Yamamoto et al., 1978). This might 
have come from the existence of pore gas in the sediment or other damping 
mechanisms. 
Maeno and Hasegawa (1987) proposed a new method for predicting physical and 
mechanical properties of the deposits near the surface of a seabed by means of insitu 
measurements of pore pressure in Nabae beach, Japan. They pointed out that low 
frequency components of the wave-induced pressure fluctuations propagate into the 
seabed more easily than the high frequency components. Furthermore, the time lag 
between the pore pressure in the seabed and the wave pressure at the seabed surface 
increased as the frequency decreased. 
 
Zen and Yamazaki (1991) also conducted field observations of the wave-induced pore 
pressure and effective stress at Hazaki, Japan. They concluded that the effective stress 
in the seabed varied periodically in accordance with the propagation of ocean waves. 
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Furthermore, the wave-induced liquefaction was closely related to the upward 
seepage flow induced in the seabed during the passage of wave troughs. Sakai et al. 
(1992) measured oscillating pore-water pressure at the Ogata Wave Observatory, 
which is facing the Japan Sea. They found that the relative importance of the 
boundary layer correction (Mei and Foda, 1981) depends on the soil stiffness (Gb). 
When Gb becomes large, the correction becomes large and the converse is also true. 
Then, the scale of the vertical-profile variation for pore-water pressure variation is 
dominated by the boundary layer thickness. They also pointed out that the estimation 
of the value of liquefaction potential depends on the soil permeability. 
 
2.4 Centrifuge modeling of seabed response 
In 1 g (1 gravity) conditions, the associated sediment trench cannot be long or deep 
enough due to the space limitation of the test facility and enormous handling effort 
and expenses for a huge size full-scale model. These tests were conducted under low 
confining pressure. Material nonlinearity of soil is highly dependent on the confining 
pressure. In addition, dilatancy of soil plays a critical role in soil and pore fluid 
behaviours, and is highly dependent on confining pressure. Although 
small-scale-model tests allow us to generate the multi-dimensional nature of waves 
loading and seabed behaviour, the soil confining pressure in the model is 
unrealistically low. At the same time, a fundamental problem not solved in 1 g 
conditions is time-scaling on a soil bed have not yet been established. That means 
such a laboratory model only can be treated as an individual prototype in itself 
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because the seabed response observed in a particular laboratory model cannot be 
properly extrapolated to field conditions 
Therefore, small-scale-model tests can be conducted in a centrifuge test facility to 
increase the confining pressure by increasing the gravitational force Centrifuge wave 
experiments utilizing scaled models under elevated gravitational fields have a 
potential advantage over conventional wave-tank testing under 1 g conditions. The 
first centrifugal wave experiment was performed rather recently. This wave 
generating system is a drum centrifuge 2m in diameter at Cambridge University. 
Tsunami-like solitary waves were generated by rapidly immersing a rectangular float 
in water at a steady-state centrifugal acceleration of 60 g; This work was followed by 
a series of wave tests where sinusoidal trains of water waves were generated using a 
piston-type wave generator at steady-state centrifugal accelerations of up to 150 g.  
 
Sasaa & Seckiguchi (1995, 1998, 1999) conducted a series of wave tank tests using a 
centrifuge facility to investigate the pore pressure build-up and liquefaction 
characteristics of fresh deposits of loosely packed sand under progressive and 
standing wave-loading. In the tests, time-scaling laws for wave propagation as well as 
consolidation were matched by introducing viscous scaling. The results from the 
progressive and standing wave tests indicate that for each of the wave-loading 
regimes, there exits a critical cyclic stress ratio below which liquefaction does not 
occur. The critical value for the progressive-wave-loading series was found to be 
considerably smaller than that for the standing-wave-loading series. Moreover, the 
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wave-induced liquefaction of the sand beds was a progressive nature. They also found 
from the repeated wave tests that the liquefied beds of soil underwent significant 
densification in the consolidation processes that followed. 
However, in the wave-generating system developed by Sassa & Seckiguchi et al 
(1998), the length of the wave tank was only 550 mm and the sediment trench was 
200 mm long.  Only shallow water could be used in this wave-generating system. 
Moreover, there were no any studies on the oscillating seabed response, however, 
seabed response in ocean is mostly oscillating response.  
 
2.5 Concluding remarks 
The above list of literature review is by no means exhaustive. The main points from 
the literature review on the seabed response under the wave loading are summarized 
below 
(1) The gradual build-up seabed response seldom happens in real seabed 
environment, except for some special cases of non-cohesive sediments with loose to 
medium density. Wave tank tests in 1-g condition and in centrifuge were used to 
investigate this kind of seabed response. The build-up and dissipation of pore pressure 
are the most characters in such kind of seabed response. 
(2) Three kinds of approaches, analytical solutions, numerical methods and 
physical model, including laboratory and field measurements, could be employed to 
investigate the mechanisms of wave-induced seabed oscillating response. In the 
theoretical approaches, the solutions based on Biot consolidations theory have 
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advantages in pore-water flow, volume change, and deformation occurring 
simultaneously in real soil beds. The phase lag and damping of pore pressure are the 
most characters in such kind of seabed response. Permeability of soil and saturation of 
seabed soil play a critical role in the oscillating seabed response. 
(3) Wave tank tests in 1-g condition have shortcoming in providing high stress in 
real seabed environment. The field tests are difficult to conduct due to the complex 
ocean environment. 
(4) Wave tank tests in the centrifuge can simulate the high stress in real seabed 
environment. This kind of test has been used to investigate the pore pressure build-up 
and liquefaction characteristics of fresh deposits of loosely packed sand under 
progressive and standing wave-loading. However, there were seldom studies on the 
oscillating seabed response, and that the seabed response in ocean is mostly 
oscillating response 
(5) As a new technique, wave tank tests in centrifuge facility have wide 
applications in geotechnical and offshore engineering. The need to study the seabed 









The idea of making a small-scale model to study a physical phenomenon is common 
in many fields of engineering. Small scaled models, when conducted under 
conventional laboratory condition, do not simulate the correct stress level in the 
full-scale prototype. Since constitutive behaviour of soil is highly non-linear and 
stress-level dependent, the insitu stresses which are significant in deep foundations 
must be reproduced in the model. The specific purpose of centrifuge modeling is to 
reproduce the prototype stress level in a small scaled model experiment. This is 
accomplished by subjecting the model to an elevated gravitational level (g-level) N, 
where N is the ratio of centrifuge gravitational acceleration to the Earth’s gravitational 
acceleration. The linear model dimensions, prototype to model, are transformed by 
scaling factor N, since the stress in the model must be the same as in the prototype. 
Figure 3.1 shows the idea of making prototype stress level in a small-scale model 
using the centrifuge-modelling technique. 
The idea of centrifuge modeling using small scale model was first proposed by Philips 
(1869) for modeling the superstructure of bridges. However, this idea was not applied 
in geotechnical engineering until 1936 when the first geotechnical centrifuge tests 
were reported by Pokrovsky (1933). Since then, researchers and geotechnical 
engineers began to appreciate the idea of centrifuge modeling. The recognition of the 
validity and power of combining conventional modeling techniques with the 
generation of self weight body forces and soil stresses by centrifuge acceleration has 
 27
Chapter 3 Centrifuge modelling 
 
led to the rapid increase in the use of centrifuge modeling in research and 
development in geotechnical engineering in the past decades. The development of 
geotechnical centrifuge facilities and research projects since 1970 has been rapid and 
well documented (Craig, 1984; Corte, 1988; Ko & McLean, 1991; Leung et al., 1994; 
Kimura et al., 1998) 
 
3.2 Time-scaling laws 
The scaling relationships between small-scale model and full scale prototype can be 
determined in two ways: viz. by evaluation of the differential equations governing the 
behaviour or by dimensional analysis and using a range of scales in testing (Cheney 
and Fragaszy, 1984). The scaling relations commonly quoted by researchers in 
geotechnical centrifuge modeling are based on analysis of governing differential 
equations for the phenomena. The commonly used scaling relations were presented in 
the papers of Rocha (1957), Roscoe (1968), Rowe et al. (1977), Cheney and Fragaszy 
(1984), Leung et al. (1991) and Poulose at al. (1998). 
 
3.2.1 Time scaling law for wave propagation 
Suppose that a centrifuge wave test with a 1/N scaled model is performed under a 
steady-state centrifuge acceleration of Ng, where N is the scale factor and g represents 
the accelertion due to the earth’s gravity. For simplicity, consider the propagation of 
sinusoidal fluid wave having a wavelength L and a wave period T. Linear wave theory 
tells us that these quantities are related to each other. In the present context, the 
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dispersion relationship is 
)tanh(2 khNgk=ω                                                 3-1 
where ω is the angular wave frequency defined by 2π/T, k is the wave number defined 
by 2π/L and h is the depth of the fluid over the soil surface. 
The time-scaling law for wave propagation will now be worked out with 
consideration of the following requirements: (a) the value of the dimensionless 
parameter kh should be the same in the model and the prototype; and (b) the value of 
k in the model should accordingly be Nkp, where kp stands for the wave number in the 
centrifuge model, ω, should thus satisfy the following equation: 
ppp NkkN ωωω == )/(                                              3-2 
where ωp is the angular wave frequency in the prototype. 
Eqs. 3-2 requires the wave frequency in model should be N times in prototype. 
 
3.2.2 Time scaling law for soil consolidation 
Suppose that the volumetric strain increment volε∆  of an element of saturated sand 
under cyclic loading consists of an elastic component  and a plastic component 
. The latter component may reflect the contractive nature of the loosely packed 






volvolvol εεε ∆+∆=∆                                                  3-3 
The elastic component  may be related to the increment of the vertical effective 




vσ∆ v. It then 
follows that 
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                                               3-4 
The storage equation relevant to a deformable soil with an incompressible pore fluid 























                                           3-5 
where ue is the excess pore pressure, kD is the Darcy coefficient of permeability and γf 
is the unit weight of the fluid. In order to keep the discussion simple, let us assume 
that the gradient of the excess pore pressure in the direction of wave propagation (i.e. 
the x direction) is negligible, compared with the gradient with respect to the vertical 
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where K is the intrinsic permeability coefficient and µ is the dynamic viscosity of the 
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Note here that the time averages vσ∆  and )1(eu  over a wave cycle may be 
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The above equation should be the basic equation that governs the process of the 
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consolidation in a partially drained soil subjected to cyclic shearing which results 
from a given train of fluid waves. In order to match the time-scalings in the prototype 
and the scaled model, it is necessary to keep the coefficients appearing in equation 3-9 
constant. Note, in this regard, that the intrinsic permeability K should be constant if 
the same soil with the same initial state of packing is used in the model and the 
prototype. One may also assume that the soil compressibility parameter mv is the same 
at any location in the prototype and the corresponding location of the scaled model, 
since it depends essentially on the effective confining pressure. It thus follows that 
constk =2
µω                                                      3-10 
Since k = Nkp and pNωω = , the dynamic viscosity µ of the substitute fluid in the 
centrifuge model under Ng conditions should satisfy 
pNµµ =                                                          3-11 
where µp represents the dynamic viscosity of the pore fluid (commonly water) in the 
prototype. With this technique, called viscous scaling, one can satisfy the time-scaling 
laws for fluid wave propagation and the consolidation of the soil. The entrifuge 
scaling relations are shown in Table 3.1. 
 
3.3 NUS Geotechnical Centrifuge 
The centrifuge experiments in the present study were conducted using the NUS 
geotechnical centrifuge. Figure 3.2 shows a photograph of the centrifuge while it is in 
flight and Figure 3.3 shows the plan and front elevation of the centrifuge. The 
centrifuge is designed for a payload capacity of 40,000 g-kg and maximum working 
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g-level of 200 g. This implies that the allowable payloads at 200 g and 100 g are 200 
kg and 400 kg, respectively. The structure of the centrifuge is based on the 
conventional dual swing platform design. The model is normally loaded onto one of 
the platforms while the opposing platform either carry an appropriate counterweight 
or an identical model. Each platform of the centrifuge of the centrifuge has a working 
area of about 750 mm × 700 mm and a model headroom of about 1200 mm. When the 
platforms are fully swung up during testing operation, the radial distance from the 
center of rotation to the base of the model container is approximately 1871 mm. A 
hydraulic motor drives the centrifuge, which is capable of delivering up to about 37 
kW of power. A detail description of the centrifuge is given in Lee (1991), and Lee et 
al. (1991). 
Power supply and signals are transmitted between the centrifuge and the control room 
by means of 10 copper-graphite and 90 silver-graphite slip rings, respectively. Of 
these, 90 are used to form 45 differential transducer signal channels. The remaining 
10 channels are used for power supply with maximum current rating of 15 A. Of 
which 3 of them are used for 230 VAR, 2 are used for video signal from the on-board 
close-circuit television (CCTV) camera, and the other 5 rings can be used for high 
current transmission up to 15 A as required by the experiment. Signals from the 
transducers are also sent through multi-way jump leads, multi-way connectors, signal 
rings and along screened twisted pair cables into the control room. Along the signal 
route, cables are screened and star-earthed in order to minimize electromagnetic and 
ground noise pick-up. The latter allows the signals to be conveniently monitored 
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through meters or routed to amplifiers and data acquisition system, as the user 
requires. 
 
3.4 Experimental setup 
A wave tank was designed to house various components of wave making system. It 
must be able to contain the sand sample, the silicon oil, and the wave-generating 
system. In addition, it has to withstand an acceleration of 50g thus it was made of 
stainless steel with some welding and bolts to reinforce the strength. The wave tank is 
rested on the swinging platform and it swings upwards when the centrifuge spins up, as 
shown in Figure 3.4. In order to generate waves with long wavelength, the length of the 
wave tank was designed as long as possible. The dimensions of the wave tank were as 
following: 
 EXTERNAL   INTERNAL 
 
Length      886 mm       800 mm 
Width       326 mm       200 mm 
Height      683 mm       640 mm 
The most important work in the experiment design is generation of the waves. The 
wave-generating system developed in this study was designed so that, (a) it can 
generate severe waves which can induce the soil liquefaction; (b) it can generate the 
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3.4.1 Theory for designing wave-generating system 
According to the wave-maker theory (Hughs, 1993), assume sinusoidal form waves 
whose wave length and wave period is respectively L and T is generated, the amplitude 











khSη                                 3-12 
where S is the double amplitude of the wave paddle, as shown in Figure 3.5, k is the 
wave number and k=2π/L, h is the fluid depth and l* is the depth from the top of soil 
tank to the hinge of wave paddle. 
According to the wave theory, the amplitude of the wave-induced pressure at the soil 




ηρ=                                                              3-13 
where ρf is the density of fluid. 
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where gff ργ = . 
From the Eqs 3-14 we can see when the value of k, h, and γf are constant, the pressure 
amplitude u0 increase with increasing l* and Sekiguchi (1995) defined the cyclic stress 
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where γ ′  is the submerged unit weight of the soil. Combining Eqs 3-14 and 3-15, we 














γχ                             3-16 
 
3.4.2 Wave conditions in the experiments 
The wave should be representative of storm wave. In the present experimental setup,  
two prototype water depths, 5 m and 10 m, were studied. The prototype wave periods 
from 4 sec to 8 sec were used in the experiment. These are considered representative 
values for storm waves. The acceleration in centrifuge has been assumed to be 50g. 
As the requirement of time-scaling law, the pore fluid in the experiments has been 
assumed to be silicon oil with a viscosity of 50 cst. The density of the silicon oil is 
0.96 g/mm3, similar to the one of water. The prototype and respective model size 
wave conditions are shown in Table 3.2~3.5. 
 
3.4.3 Stroke length for liquefying soil 
From the centrifuge data, Sekiguchi et al. (1995) found that if 0χ = 0.14 then it is 
possible to liquefy a soil bed whose relative density is equal to 40%. From the 
equation 3-16, one can get the stroke length for liquefying soil under the wave 
conditions shown in Table 3.2~3.5. The calculated results are shown in Table 3.6. 
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3.4.4 Design of wave-generating system 
A cross section through the wave tank is shown in Figure 3.6. This system consists of 
a wave maker, a soil tank and a wave absorber. Wave is generated using a paddle 
attached to a crankshaft. The paddle is made of steel of 10mm thickness. The wave 
paddle was hinged at its lower end. The distance from the hinge to the attachment 
point of the crank shaft was equal to 340 mm. The distance of wave paddle away from 
the wall of wave tank was 120mm and it can meet with the requirement of liquefying 
soil. The soft material (Teflon) was added to the side of the paddle to prevent the fluid 
from going to the other side of the paddle, as shown in Figure 3.7. In the middle of the 
wave channel, a 350mm long and 250mm deep soil tank was installed. Under 
centrifuge acceleration of 50 g, a soil bed 250 mm thick would correspond to a 
prototype soil bed of 12.5 m. 
A slotted wave absorber was fitted inside the wave tank as shown in Figure 3.8. The 
wave absorber was 280mm in height. The area of open slots was about 30%, and there 
is an option to vary from 20-50% of the area. The wave absorber can be moved back 
and forth along the support structure and can be fixed in any location of support 
structure in one experiment. To improve the efficiency of wave absorber, some porous 
materials, such as gravel, sponge, were placed behind the slotted wave absorber. 
Although hydraulic system can generate relatively high force and power, an electric 
system was used to operate wave generator in the model due to the requirement of 
long time wave loading corresponding to the prototype. The force required to operate 
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22πρ=                                            3-17 
where ρ is the fluid density, S is the stroke length, h is the fluid depth, b is the width of 
wave paddle and L is the wavelength. The factor 2-3 is to account for peak force during 
the wave generation. The power required is obtained by multiplying the force with the 
moving velocity of the wave paddle. The calculation results were shown in Table 3.7. 
The maximum force and power for liquefying soil is about 2.7 kN and 3 kW, 
respectively. 
An electric motor was connected to the wave paddle using a crank shaft. The 
mechanical system that drives the wave paddle is illustrated in Figure 3.6. An a-c 
servo-motor of 3.5 kW capacity, marked (1) in the Figure 3.6, generates a rotational 
motion, which is transferred through a reduction wheel (2) to an attachment wheel (3). 
The rotational motion of the attachment wheel then allows the wave paddle to move 
back and forth through a crank shaft (4) that is connected to the wave paddle. The 
electric motor can be controlled using attach control box and software. The software 
was install in a PC in control room and the PC can connect with the control box fixed 
on the rotation arm of centrifuge using a cable. The description of experiment setup is 
shown in Figure 3.9. 
 
3.5 Transducers 
The only transducers used in this experiment are pore pressure transducers. The 
PDCR 81 type 3 bar and 7 bar capacity Pore Pressure Transducers (PPT) are used for 
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pore pressure measurement. The power supply to the PPT is 5 Volts. The data read 
from the PPTs is voltage, so it is very important to calibrate the sensitivity of PPTs 




3.6 Data acquisition systems 
Figure 3.10 shows the signal transmission path from a transducer to data logger. 
Figure 3.11 shows a wide angle view of the control room. During the experiment, the 
signal is transmitted through junction box, electrical slip ring, 10 m long cable to 
control room via slip ring, amplifier, short connecting cable, A/D converter and finally 
captured by the storage device. Inside the control room, signals were sent through a 
group of NEC amplifiers with built-in 100 Hz low-pass filter to remove the noises. 
The gains of the amplifier were pre-set according to the estimated maximum output 
from each transducer. Table 3.8 shows the detail of data acquisition system used in the 
present experimental program. 
The sampling rate was pre-set to 4000 Hz and block averaged by 20 samples to 
acquire the data recording of 200 samples per second. That means in one cycle of 
wave whose wave period is 0.1 second in model (corresponding prototype wave 
period is 5 second), the recording data acquired is 20 samples. The block averaging 
procedure will eliminate the noise and hence fluctuations in the transducers signals. 
All the output signals from transducers are monitored and recorded in Dasylab-1. The 
 38
Chapter 3 Centrifuge modelling 
 
controlling commands are set from the control computer. 
 
3.7 Calibration of wave absorber 
Several series of wave tests were conducted to evaluate the performance of the wave 
by varying following 
a. No  wave absorber (standing wave); 
b. Vertical slotted wave absorber only; 
c. Vertical slotted wave absorber, and some gravel whose diameter is about 20 
mm is placed behind the slotted partition. 
d. Dead space distance 
In all of the wave tests, a metal plate was fixed on the soil tank to get a rigid, flat base 
in the wave tank. To avoid deflection of the metal plate, it was supported by a 
well-compacted sand layer that had been packed in the sediment trench. The reflection 
coefficient KR of the wave absorber for a given test condition was evaluated by using 
the measured waveforms of fluid pressure fluctuation at two different stations along 
the base of the wave tank. The test set-up for measuring efficiency of the wave 
absorber is shown in Figure 3.12. Note that the reflection coefficient KR is defined 
here as the ratio of the pressure amplitude, , of reflected waves to that of incoming 
waves, . A theoretical basis for determining K
Ra
Ia R is described below. 
 
3.7.1 A theoretical procedure for assessing KR from two-point measurements of 
wave-induced pressure fluctuation 
 39
Chapter 3 Centrifuge modelling 
 
According to the theory of Goda (1976), assume the waves generated by a wave 
maker are sinusoidal in form, let  be the pressure fluctuation associated with the 
incident waves, and let  be the pressure fluctuation associated with the reflected 
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where  and  represent the pressure amplitudes of the incident and reflected 
waves respectively, k is the wave number, ω is the angular frequency, 
Ia Ra
Iε  and Rε are 
the phases of these waves. 
Let x1 and x2 be the horizontal coordinates of two measuring stations along the base of 
the wave tank. The pressure fluctuations at these two stations can be considered as the 

















=                                 3-19 
Where u1 and u2 represent the pressure fluctuation measured at x1 and x2 = x1+∆l, 
where ∆l stands for the distance between the two stations. 
The parameters A1, A2, B1, and B2, that appear in Eqs 3-19 may be determined by 
using the information from the time histories of the wave pressure fluctuations: u1 and 
u2. 
From the Eqs 3-19, we can get: 
{ } 2/121122112 )cossin()sincos(sin2 1 lkBlkABlkBlkAAlkaI ∆−∆++∆−∆−∆=  
                                                                 3-20 
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{ } 2/121122112 )cossin()sincos(sin2 1 lkBlkABlkBlkAAlkaR ∆−∆−+∆+∆−∆=  
                                                                3-21 





aK =                                                        3-22 
 
3.7.2 Measured performance of wave absorber 
The reflection coefficients, KR, of the wave absorber under various experimental 
conditions were determined from a range of wave tests by following the procedure 
described above. These results are summarized in Figure 3.13. From the Figure, we 
can see the presence of gravel can improve the efficiency of wave absorber. The value 
of KR initially decreases with increasing l/L, reaches a minimum at a certain value of 
l/L, and then increases slowly with a further increase in l/L. The most favorable 
condition for wave absorption was when the l/L was equal to 0.21. The corresponding 
reflection coefficient KR with gravel was as low as 0.16. 
When the KR value is low, the pattern of wave propagation in the wave tank should 
essentially be progressive in nature. To demonstrate that it is true, consider a case with 
KR = 0.162. The measured waveforms of fluid pressure fluctuations at two stations, 
No. 1 and No. 2, are shown in Figure 3.14. The related experimental conditions are: 
the level of centrifuge acceleration N = 50 g; the fluid level h = 100mm; the wave 
frequency f = 10 Hz; and the dead space length (the distance of wave absorber to the 
wall of wave tank) l = 190 mm. Silicon oil with a viscosity of 50 cSt was used in this 
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test. It can be seen that the pressure amplitudes at these two stations were practically 
the same. This is compatible with the value of the wave number k = 9.16 m-1, which 
was calculated from the following wave dispersion relationship by substituting the 
above conditions 
)tanh(2 khNgk=ω  
where, Ng is the centrifuge acceleration, ω is the angular frequency of fluid waves. 
Therefore, the generation of fluid waves in a progressive pattern was confirmed. 
 
3.8 Test procedure 
The sands used in this test were white quartz sands of 0.2mm (fine sand) and 1mm 
mean size coarse sands. Their physical properties are listed in Table 3.9. Silicon oil 
with a viscosity of 50 cSt was used as the pore fluid and the wave tests were 
conducted under a steady state centrifugal acceleration of 50 g. The viscous scaling 
law was adopted here by matching the time scaling of wave propagation and soil 
consolidation. The wave conditions in the test are: fluid depth h = 100 mm and 250 
mm, wave frequency, f, was varied from 7 Hz to 11 Hz, and dead-space length l = 190 
mm. Gravel was added to behind the wave absorber to improve the efficiency of wave 
absorber. On a prototype, these wave conditions simulated in the centrifugal wave 
testing correspond to the propagation of waves at a wave period varied from 4.5 sec to 
7.2 sec in a fluid 5 m deep. 
In order to investigate the effect of bottom boundary, two soil depths, 100mm and 
250mm (corresponding depth in prototype size is 5m and 12.5m respectively), are 
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used in the experiment. 
The following experimental procedure was adopted in these tests 
(1) Fix the pore pressure transducers inside the soil tank. The support structures for 
the PPT are shown in Figure 3.15. Two structures with 100mm and 250mm length are 
used in the two different soil depths. Holes were made in the rod support structure to 
hold the PPTs. The diameter of these holes is slightly bigger than the diameter of PPT 
so that the PPT don’t move with the soil when applying the wave loading on the soil 
surface. 
(2) Silicon oil (height in soil tank is equal to 20mm and the weight equal to 1.5 kg) 
was poured into the soil tank. 
(3) Using a sand hopper, the sand was sprinkled uniformly over the fluid. Firstly, a 
muddy fluid was formed on the fluid surface. After a few seconds, the sand particle 
settled and a thin layer of soil was formed over the base of soil tank. 
(4) The procedure described above (2) and (3) was repeated so that the falling depth 
of sand particles in the fluid was held constant throughout the process of forming the 
sand bed. This procedure for preparing sand bed can produced a sand bed in a loose 
state packing whose relative density Dr is about 42% for fine sand and 57% for coarse 
sand. 
(5)  Finally, silicon oil was poured into the soil tank until the fluid depth was 100 
mm. Under a steady state centrifugal acceleration of 50 g, the wave whose wave 
frequency is 10 Hz and cyclic stress ratio χ0 is great than 0.14 was generated. Under 
the severe wave loading, the sand bed was densified. The wave loading didn’t stop 
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until the excess pore pressure dissipated completely. This procedure took about 1 
minutes.  After the excess pore pressure dissipated completely, the loose fine sand 
bed was densified to dense sand bed. 
(6) ) Wave loading was applied to investigate the response of dense sand bed to water 
waves. Wave frequency was varied from 7 Hz to 11 Hz. 
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Table 3.1 Centrifuge Scaling Relations 
Parameter Units Scale Model/Prototype 
Acceleration (a, g) L/T2 N 
Linear dimension (L, l) L 1/N 
Area (A) L2 1/N2  
Volume (V) L3 1/N3
Stress (σ) M/LT2 1 
Strain (ε) - 1 
Mass (m) M 1/N3
Density (ρ) M/L3 1 
Unit weight (γ) M/(L2 T2) N 
Force (F) ML/T2 1/N2
Time (dynamic) (t) T 1/N 
Time (consolidation & diffusion) (t) T 1/N2
Time (creep) (t) T 1 
Pore fluid velocity (v) L/T N 
Velocity (dynamic) (v) L/T 1 





Table 3.2 The wave conditions at prototype and model size (case 1) 
Parameter Prototype Model (50g) 
Depth of fluid (h) 5 m 100 mm 
Wave Period (T) 4 sec  4/50 = 0.08sec 
Wave frequency (f) 1/4 = 0.25 hz 0.25*50 = 12.50 hz 
Wave velocity, c=L/T 5.54 m/s 5.54 m/s 
Wave Length (L) 22.15 m 0.443 m 
Angular wave frequency,  
 ω= 2π/T 1.57 rad/sec 78.5 rad/sec 
Wave Number, k=2π/L 2*3.14/22.15 = 0.284 /m 2*3.14/0.443 = 14.2 /m 
Dimensionless number 
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Table 3.3 The wave conditions at prototype and model size (case 2) 
Parameter Prototype Model (50g) 
Depth of fluid (h) 5 m  100 mm  
Wave Period (T) 8 sec 8/50 = 0.16sec  
Wave frequency (f) 1/8 = 0.125 hz 0.125*50 = 6.25 hz 
Wave velocity, c=L/T 6.63 m/s 6.63 m/s 
Wave Length (L)  53.05 m 1.061 m 
Angular wave frequency,  
 ω= 2π/T 0.785 rad/sec 39.25 rad/sec 
Wave Number, k=2π/L 2*3.14/53.05 = 0.118 /m 2*3.14/1.061 = 5.90 /m 
Dimensionless number kh 0.59 0.59 
 
 
Table 3.4 The wave conditions at prototype and model size (case 3) 
Parameter Prototype Model (50g) 
Depth of fluid (h) 10 m 200 mm 
Wave Period (T) 4 sec 4/50 = 0.08sec 
Wave frequency (f) 1/4 = 0.25 hz 0.25*50 = 12.50 hz 
Wave velocity, c=L/T 5.54 m/s 5.54 m/s 
Wave Length (L) 24.65 m 0.493 m 
Angular wave frequency,  
 ω= 2π/T 1.57 rad/sec 78.5 rad/sec 
Wave Number, k=2π/L 2*3.14/24.65 = 0.255 /m 2*3.14/0.493 = 12.75 /m 
Dimensionless number kh 1.275 1.275 
 
 
Table 3.5 The wave conditions at prototype and model size (case 4) 
Parameter Prototype Model (50g) 
Depth of fluid (h) 10 m 200 mm 
Wave Period (T) 8 sec 8/50 = 0.16sec 
Wave frequency (f) 1/8 = 0.125 hz 0.125*50 = 6.25 hz 
Wave velocity, c=L/T 8.86 m/s 8.86 m/s 
Wave Length (L)  70.85 m  1.417 m 
Angular wave frequency,  
 ω= 2π/T 0.785 rad/sec 39.25 rad/sec 
Wave Number, k=2π/L 2*3.14/70.85 = 0.0886 /m 2*3.14/1.417 = 4.43 /m 
Dimensionless number kh 0.443 0.443 
 
 46
Chapter 3 Centrifuge modelling 
 
Table 3.6 Stroke Length for various cases 
Case Stroke Length (mm) 
Fluid Depth 0.1m and frequency 12.5 Hz (model) 47.08 
Fluid Depth 0.1m and frequency 6.25 Hz (model) 149.10 
Fluid Depth 0.2m and frequency 12.5 Hz (model) 90.14 




















12.5 0.1 47.08 0.443 0.392 0.588 0.231 
6.25 0.1 149.10 1.061 0.520 0.932 0.485 
12.5 0.2 90.14 0.493 2.705 1.126 3.049 






Table 3. 8 The details of the data acquisition systems used in the present studies 
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Table 3.9 Properties of sand used 
 Fine Sand Coarse Sand 
Specific Gravity 2.635 2.637 
Maximum Void Ratio 1.030 1.105 
Minimum Void Ratio 0.567 0.771 
Mean Grain Size (mm) 0.2 1.0 
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Figure 3.2 The NUS Geotechnical Centrifuge in operation 
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Figure 3.3 Plan and front view of the NUS Geotechnical Centrifuge 
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S. F. L Waves 
l* = 0: flap type 
l* > 0: quasi-flap type 




















































































Figure 3.7 Wave Generator and its interaction with sidewall of Tank 
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Figure 3.9 Description of experiment setup 
 53






















































Figure 3.11 NUS Geotechnical Centrifuge control room 
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 Figure 3.13 The efficiency of wave absorber 
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 Figure 3.14 Measured oscillating pressure time histories when KR = 0.162 
 
 
Hole to hold PPT
Soil Surface Soil Surface
Hole to hold PPT
Soil Surface
Hole to hold PPT
Enbed in perspex plate
a) For soil depth equal to 250mm b) For soil depth equal to 100mm 
Figure 3.15 Support structures for Pore Pressure Transducers 
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SAND SEABED RESPONSES UNDER WAVE LOADING 
 
4.1 Introduction 
Experimental studies were carried out to investigate the behaviour of sand seabed 
subjected to wave loading using centrifuge modeling technique. All tests were 
conducted at 50 g, and the reference position for the acceleration field is taken at the 
mid depth of the sand bed. The test setup before spinning the centrifuge is shown in 
Figure 4.1. Unless otherwise specified, all dimensions and measurements are given in 
model scale. The test conditions are shown in Table 4.1. Two sand bed depths, 100 
mm and 250 mm, model scale, are used in the tests. In all tests, the water depth was 
kept to be the same at 100mm. Typical locations of pore pressure transducers are 
shown in Figure 3.15. In each wave test, the fluid pressure change, u0, at the soil 
water interface was measured at two different locations. Pore pressure changes in the 
soil were measured at different depths. According to the results from analytical 
modeling, the soil of upper layer undergoes high stress and it is believed the responses 
of the upper layer is important to the settlement of objects placed on the seabed. In 
order to capture the responses of the upper layer, more pore pressure transducers were 
placed in the upper soil layer. 
 
4.2 Response of loose fine sand bed 
4.2.1 Build-up of pore pressure and soil liquefaction under the wave loading 
Centrifuge models were prepared as described in Section 3.8. The initial density of 
sand was 42% for fine sand. The models were placed in the centrifuge and wave 
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loading was applied after the model reached stable state under 50-g acceleration. For 
the fine sand bed, under wave loadings, settlement of about 13 mm was observed. 
Figures 4.2 and 4.3 display the time series of the pore-fluid pressure, pmax, in excess of 
the static pore-fluid pressure at depth z = -8 mm, and z = -90 mm for the test with soil 
depth of 100 mm and at depth z = -150 mm, z = -239 mm for the test with soil depth 
of 250 mm. Each panel in the Figures also shows the corresponding initial vertical 
effective stress, , at these locations which were equal to 3.6 kPa, 40.5 kPa for 
model depth of 100mm, 67.5 kPa, 108 kPa for model depth of 250 mm. It is seen that 
the excess pore pressure, p
'
0vσ
max, developed with wave cycles and it does reach , 
except at depth z = -239 mm in the 250 mm deep model, meaning that liquefaction 
occurs at all locations for the 100mm model. For the 250 mm model, Figure 4.3 
shows the liquefaction depth reached at least 150mm. This indicates, on a prototype 
scale, under the severe wave loading, a sand bed of 5 m thick completely liquefied 
and for a sand bed of 12.5 m thick, the liquefaction depth reached at least 7.5 m. This 
build up pore pressure is due to the reduction of large voids in loose sands. Similar 
phenomenon was observed by Sekiguchi and Sassa (1999). 
'
0vσ
Figures 4.2 and 4.3 show after 3-4 cycles of waves, the excess pore pressure can 
develop to peak value, i.e. soil liquefaction occurred after 3-4 cycles of waves. The 
time for soil liquefaction in the model is 300~400 ms. According to the time scaling 
law, in prototype scale, it would take about 20 seconds to let such a loose fine sand 
bed liquefy when subjected to a waves having a wave period of 5 second, wave height 
of 3.1 m in 5 m water depth. 
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4.2.2 Dissipation of Excess Pore Pressure 
After the gradual build-up of pore pressure, with increase in times, the water would 
begin to escape from the soil and this would obviously lead to a reduction in pore 
pressure in the soil. The time series of pore pressure at different depths in the soil are 
shown in Figure 4.4. The Figure clearly shows that after reaching an equilibrium 
value, the accumulated pore pressure begins to fall, and eventually reaches the 
zero-pressure level, same as that it started with i. e. hydrostatic state. This means the 
accumulated pore pressure dissipated completely. 
As seen from Figure 4.4, the dissipation of pore pressure first began at the bottom, 
and it gradually spreads to the surface. The reason is that the pore pressure began to 
drain at the larger depths where the pressure is higher. Such a phenomena was 
observed in other contexts such as in consolidation (Lambe and Whitman, 1969), in 
earthquakes (Tanaka, 1996) and in the flume test (Sumer, et al., 1999). 
 
4.2.3. Densification of loose fine sand 
The initial dry density of loose fine sand bed was dρ  = 14.4 kN/m3, this is 
equivalent to 42% of relative density. Due to the compaction from liquefaction, about 
13 mm settlement occurred. This settlement increased dry density to dρ  = 16 kN/m3, 
which is equivalent to 82% of relative density. As can be seen, liquefaction increased 
relative density by as much as 40%, see Table 4.2. 
Seabeds which are made up of fine sands, are expected to have gone through this 
cycles and they will be in a dense state. The value of density depends on wave 
characteristics, and the results in the experiments show that for typical wave loading, 
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the final relative density of seabeds made of fine sand would be about 80%. 
After the densification under wave loading, it is believed that for the 100 mm model,  
a fairly uniform dense sand bed can be obtained due to liquefaction of the whole sand 
bed. For the 250 mm model, the bottom layer of sand bed did not liquefy. It will 
influence the homogeneous of sand along the model depth. The relative density of 
82% is the average values because it is impossible to know the variation of relative 
density along the model depth. 
 
4.3 Responses of loose coarse sand bed 
Figure 4.5 shows the responses of loose coarse sand bed when subjected to wave 
loading. The build-up of pore pressure and soil liquefaction did not happen under the 
wave loading in the coarse soil. This is directly linked to the high permeability of  
coarse sand as compared to that of fine sand. According to the permeability tests to 
these two sands, the coefficient of permeability of the coarse sand is about 120 times 
more than that of the fine sand. The high permeable coarse sand allows the fluid to 
flow easily through the large voids of the coarse sand. This will make the build up of 
pore pressure difficult in highly permeable coarse grain soil. The results in Figure 4.5 
show the feature of oscillating pore pressure, rather than build-up of pore pressure. 
This is completely different to the observations made for loose fine sand beds. Coarse 
sands, although loose at 57% relative density, do not appear to be subjected to 
conventional liquefaction (i.e. liquefaction due to build-up of pore pressure). Loose 
coarse sands, appear to be behaving like dense sand beds, which display oscillating 
pore pressures. 
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Although there is no build-up of pore pressure, the coarse sand bed settled by 3 mm 
due to 1.5 minutes of wave loading, see Table 4.2. This settlement increased the 
relative density of 57% to 72%. The change in relative density of this coarse sand is 
15%. This is much smaller than the relative density change of 40% for fine sand bed 
 
4.4 Oscillating response of dense sand beds under wave loading 
After undergoing wave loading and the excess pore pressure in the fine sand 
dissipated completely, the loose sand beds were densified to dense beds. For the fine 
sand bed, after the excess pore pressure dissipated completely (this can be verified by 
the recording of PPTs), the wave and centrifuge were stopped and the settlement of 
sand bed was checked. For the coarse sand bed, the wave loading for densification 
was lasted about 1.5 minutes before the wave and centrifuge were stopped. The final 
relative density of fine sand and coarse sand are 82% and 72% respectively.  
After densification, new wave loadings were applied to investigate the responses of 
dense sand bed. It was found that the build-up of pore pressure and the settlement of 
sand bed did not happen again under the new wave loading as expected, as these beds 
were subjected to similar wave loading before. These response of dense sand beds 
was oscillating. 
Typical simultaneous recordings of wave and pore pressures at various depths for the 
fine sand and coarse sand are given in Figures 4.6 to 4.9. The pore pressure response 
in the soil is sinusoidal in form, same as the wave loading applied on the soil surface. 
In order to analyze the experiment results, a sound theoretical frame work in 
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necessary. The following section describes a theory to analyze the experimental 
results. 
 
4.4.1 Theory for verifying the experimental results 
As mentioned in Chapter 2, the analytical solutions based on Biot consolidations 
theory have advantages in pore-water flow, volume change, and deformation 
occurring simultaneously in real soil beds. Consider the two-dimensional problem 
illustrated in Figure 4.10, the basic assumptions for the soil properties in this Biot 
consolidation are: 
(1) Seabed is horizontal, homogeneously unsaturated and hydraulically 
anisotropic. 
(2) Soil skeleton and the pore fluid are uniformly compressible. 
(3) Despite phase lag of the pore pressure in very fine sediments, the soil skeleton 
generally obeys Hooke’s law, implying linear, reversible and non-retarded 
mechanical properties. 
(4) The flow in the porous bed is governed by Daycy’s law. 
(5) Pore pressure in the soil is a result of elastic interaction between soil and water. 
Under the assumption listed above, the governing equations describing the 
phenomenon of the wave-induced soil response is a 2-D consolidation theory of Biot 
and the storage equation of Verruijt (1969). For a porous seabed with different 
permeabilities in the x- and z- directions, respectively, this may be written as (Hsu & 
Jeng, 1994) 
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Where Kx, and Kz are the coefficients of soil permeability in the x- and z-directions, 
respectively. P is the wave-induced pore pressure in excess of the hydrostatic 
condition, γw is the unit weight of the pore-water, n is the soil porosity, β is the 
compressibility of the pore fluid, ε is the volume strain and t is the time. 
From the effective stress concept and Hooke’s law, force equilibrium within the soil 





















2                                             4-3 
where ξ, χ are the soil displacements in the x- and z-directions, respectively. In 
equations 4-1 to 4-3 above, ε is the volume strain defined by 
zx ∂
∂+∂
∂= χξε                                                        4-4 
Following Hooke’s law and relating pore pressure with soil displacements, the 




























G χξτ '                                                     4-7 
The governing equations given by equations 4-1 to 4-3 above are for a boundary value 
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problem describing the wave-induced pore pressure and soil displacements in the 
porous seabed. The solutions from the above governing equations relies on the 
specification of appropriate boundary conditions. At the surface of the porous bed, 
z=0, the boundary condition imposed is vertical effective normal stress must vanish. 
As for the effective shear stress at the surface of the bed it is known that a shear stress 
is associated with the oscillatory flow above the bed. In principle it is, at least in an 
approximate manner, possible to account for this stress (Madsen, 1976). The fluid 
shear exerted at the surface of the bed is however, small and may be neglected. At the 
surface of the bed it is therefore reasonable to impose the boundary conditions 
0'' == τσ z  at z = 0                                                 4-8 
The boundary condition imposed by the wave motion at the surface of the porous bed 
is 






γ=                                                     4-10 
where H is the wave height of the waves, k is the wave number (k = 2π/L, in which L 
is the wavelength), ω is the angular frequency of the wave (ω=2π/T, where T is the 
wave period), and d is the water depth above the soil line. 
If the porous bed is of finite thickness h, as shown in Figure 4.10, the appropriate 
bottom boundary conditions are vanishing displacements 
0== χξ  at z = -h                                                 4-11 
and no flow normal to the horizontal boundary 
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P at z = -h                                                    4-12 
For an infinitely thick bed the above boundary conditions are replaced by the 
conditions that all wave-induced pore pressures and displacements vanish with depth, 
i.e., 
P, ξ, χ → 0 as z → -∞                                               4-13 
Based on the above governing equations and boundary conditions, many solutions 
about the displacement, stress and pore pressure in seabed induced by wave loading 
can be obtained. Followings are some typical solutions among them. 
1) Madsen’s Solution 
For the infinite thickness porous seabed, Madsen (1978) gave the following pore 
pressure solution in the soil 
{ } )(760 * tkxikzkzk eeCeCpP ω−+−=                                       4-15 
where i stands for complex variables, C6 and C7,is the resulting coefficient which can 
be determined from the boundary conditions. p0 is defined by the equation 4-10, k is 
wave number, µ is poison ratio, k* is a coefficient related to the soil parameter 
2) Yamamoto’s solution 
For the infinite thickness porous seabed, Yamamoto et al. (1978) gave the following 



















                                [ ])(exp tkxi ω+×        4-16 
where i stands for complex variables, m, ,  and  are coefficients related to 
the soil parameter and wave conditions. p
''ω 'λ ''λ
0 is defined by the equation 4-10, k is wave 
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number. 
3) Hsu & Jeng’s solution 
Hsu & Jeng (1994) derived an analytical solution for the pore pressure in a finite 
thickness porous seabed 
( )( ) ( )( )( ){ } )(6522420 121)21( tkxizzkzkz eeCeCkeCeCpP ωδδδµµλµ −−− +−−+−−−−=  
                                                                 4-14 
where i stands for complex variables, C2, C4, C5 and C6, are the resulting coefficient 
which can be determined from the boundary conditions, p0 is defined by the equation 
4-10, k is wave number, µ is poison ratio, δ is a coefficient related to the soil 
parameter. 
 
The above three solutions could be used for verifying the data of pore pressure from 
the experiments. Since the centrifuge tests were conducted on finite seabed thick, it 
seems that the solution from Hsu & Jeng is more suitable to verify the data from 
experiments. The comparisons from previous studies (Hsu & Jeng, 1994) shown when 
the seabed thick is larger than one wave length L, the wave-induced pore pressure in 
the seabed from Hsu & Jeng’s solution is same as the one from Madsen or 
Yamamoto’s solution. If not mentioned specially, the following analytic results are 
based on the solution from Hsu & Jeng (1994). 
In this experiment, silicone oil was used for the substitute fluid to water, and the soil 
depth in the tests is finite. Before using above theories to do analysis, we have to 
estimate the effects of these factors on the seabed response. 
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4.4.2 Effects of high-viscosity fluids  
As discussed previously in this thesis, the technique of viscous scaling used in the 
tests came from the need to match the time scaling of fluid wave propagation and the 
time scaling of soil consolidation. Silicon oil with viscosity of 50 cSt was used as 
substitute for water. Two effects of the use of high-viscosity fluids will be discussed: 1) 
The effect on damping; 2) The effect on wave-induced cyclic shear stresses. 
The effect of the increased viscosity of the pore fluid on soil damping was 
investigated by Ellis et al. (1998), using resonant-column laboratory testing with 
cyclic loading at a frequency of 25-45 Hz. They showed that a fine sand saturated 
with 100 cSt silicone oil, compared to water, exhibited an increase in damping ratio 
from 2% to 4% at small shear strains of the order of 10-4. In the present tests, the wave 
frequency is 7~11 Hz and the viscosity of the pore fluid is 50 cSt, so the author 
believes the effect of increased pore fluid viscosity on soil damping is less significant. 
The poro-elasticity solutions referred to in this thesis (Madsen, 1978; Hsu & Jeng, 
1994) are based on the assumption of zero shear-stress conditions at the seabed 
surface. However, it is worthwhile evaluating the magnitude of shear stress that would 
be induced by oscillatory flow of a viscous fluid over soil. This can be done by 
resorting to a classical solution of the Navier-Stokes equation for the laminar 
boundary layer (e.g. Freds¿e & Deigaard, 1992). Let τb be the shear stress that is 
induced on the seabed surface by a small-amplitude oscillatory flow with a velocity 
amplitude Ub and a frequency ω. It follows that 
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ρω
µκδµτ 02 uUbb ==                                           4-16 
where µ is the dynamic viscosity of the fluid, which in the centrifuge model is N times 
larger than that of water, which is represented by ( )ρωµ2 . Note here that as a 
matter of convenience, the velocity amplitude Ub has been expressed as 
( )ρωκ 0uUb =  on the basis of the linear wave theory of an inviscid fluid. Equation 
4-16 indicates that the bed shear stress τb in the centrifuge model becomes N times 
larger than the bed shear stress τb on a prototype using water, because the fluid 
particle velocity Ub and the boundary layer thickness δ remain unchanged between the 
centrifuge model and the prototype. Let us now compare the shear stress τb with the 
wave induced cyclic shear stress τ obtained from the poro-elasticity theory. According 
to theory from Madsen (1978), the wave-induced maximum shear stress at the soil is 
)exp(0 kzkzu−=τ     for z ≤ 0                                        4-17 
Combined with the equation 4-16, the ratio of the shear stress τ to the viscous shear 
stress τb is given by 
( )ρωµττ
)exp(kzz
b −=  (z ≤ 0)                                           4-18 
The ratio τ/τb increases with increasing depth of soil from the seabed surface. In other 
words, the influence of the viscous shear stress τb becomes a negligible consideration 
below a critical soil depth. Under the wave conditions adopted in this study, k = 0.12 
/cm, ω = 69.1 /s and µ/ρ = 0.5 cm2/s, the ratio τ/τb exceeds 10 when |z| > 0.95 cm. 
Thus the proposed theory with zero shear stress at the interface may not be applicable 
at the top 10 mm. 
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4.4.3 Input parameters for the theories 
The analyticl solutions in literature review show the wave-induced pore pressure 
response is related to two groupings of parameters: 
1. Wave parameters, these being wave height H, period T (explicitly in frequency 
ω), water depth d. In present study, water depth d was fixed in 100 mm and 
wave period T varied from 0.091 sec to 0.143 sec.  
2. Soil parameters, including soil permeability k, porosity n, poisson’s ratio µ, 
degree of saturation Sr, compressibility β, Young’s modulus E, and soil 
stiffness ratio Gβ. 
The parameters used in the above analytic solutions were listed in Table 4.3. The 
permeability constant in the Table was determined by the conventional falling-head 
method (Lambe and Whitman, 1969, Chapter 19). The Young’s Modulus E and shear 
modulus G were determined by tri-axial test. 
Although a nearly fully saturated sand bed could be obtained by the preparing 
procedure described in section 3.9 (Sassa & Seckiguchi, 1999), but most theoretical 
studies in the literature review have stressed the importance of compressibility of fluid 
(β) for soil, it is beneficial to examine the effects of this factors on the wave induced 
pore pressure. The compressibility of fluid is directly related to the degree of 






−+= 11β                                                    4-19 
where Kw is the true bulk modulus of elasticity of water (may be taken as 2×109 
N/m2), Pwo is the absolute  pore water pressure. If the soil skeleton is absolutely 
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air-free, i.e. fully saturated, then 
wK
1=β , since Sr = 1. 
For the wave and soil conditions in the centrifuge tests, i.e. a coarse sand bed of 100 
mm thick subject to a 0.1 sec wave in 100 mm of water, it is found in Figure 4.11 the 
amplitude of pore pressure |p|/p0 decreases from 0.62 for the fully saturated condition 
(Sr = 1) to 0.60 for a partial saturation of Sr = 0.996, to 0.42 for Sr = 0.96, and 
decrease further to 0.055 for Sr = 0.6. Where p0 is the amplitude of applied wave 
loading, and |p| is the amplitude of pore pressure in soil induced by the wave loading 
Figure 4.12 shows for a fine sand bed of 100 mm thick subject to a 0.1 sec. in 100 mm 
of water, the amplitude of pore pressure decrease very swiftly from 0.65 for the fully 
saturated condition (Sr = 1) to 0.37 for a partial saturation of Sr = 0.996, to 0.05 for Sr 
= 0.96, and decrease further to 0.01 for Sr = 0.6. Such decrease can be also obtained 
for a sand bed of 250 mm thick subject to a 0.1 sec. in 100 mm of water, which are 
shown in Figure 4.13 and 4.14. The given figures show the pore pressure response in 
fine sand is very sensitive to the compressibility of fluid, i.e. degree of saturation in 
soil. Little air content in soil can induce accelerated damping of pore pressure in soil. 
Thus it is important to determine the degree of saturation Sr of soil used in centrifuge. 
Since a direct determination of the degree of saturation Sr of soil in centrifuge is not 
made, based on the oscillating pore pressure response at z=-10mm, using the 
procedure of Yamamoto (1978), the degree of saturation of soil Sr was back calculated 
and found to be equal to 0.996 for fine sand. According to the previous studies from 
Okusa (1985), Yamamoto (1978) and Hsu & Jeng (1994), no phase delay could be 
observed for a nearly fully saturated coarse sand bed and it is believed the little air in 
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soil is not important to the pore pressure response, for convenience, the degree of 
saturation of soil Sr in coarse sand can be regarded as 1.0. 
The wave-induced pore pressure in sand bed is not so sensitive to the other soil 
parameters, such as Young’s modulus, soil permeability k, compared to the degree of 
saturation Sr. For a fully saturated coarse sand bed, Figures 4.15 and 4.16 show when 
Young’s modulus changes from 3.4×105 Pa to 3.4×108 Pa, the changes in pore 
pressure is small, especially when the Young’s modulus is larger than 3.4×106 Pa, the 
pore pressure in sand bed is almost same. Further analysis to Figure 4.15 and 4.16 can 
find the pore pressure response in shallow sand bed (100 mm) is more sensitive to the 
change of Young’s modulus than in deep sand bed (250 mm). Such trend could be also 
obtained from Figure 4.17 and 4.18 for fine sand bed. The above analysis indicates for 
a hard stiffness dense sand bed in this time centrifuge test, the slight change of 
Young’s modulus is not important to the pore pressure response, especially for a 250 
mm thick sand bed. 
The study of parameter soil permeability k to the pore pressure response in sand bed 
shown in Figures 4.19 to 4.22 indicate that the pore pressure responses in sand bed is 
less sensitive to the change of soil permeability, especially for a 250 mm thick sand 
bed. In a fully saturated sand bed, small changing ratio of pore pressure can be 
observed when the permeability k varies from 3×10-2 m/s and 3×10-5 m/s. If there is 
air in sand beds, a quite big changing of pore pressure appears in 100 mm deep sand 
bed, but for the 250 mm deep sand bed, the distribution of pore pressure along the 
depth is quite similar when the permeability k changes from 3×10-2 m/s and 3×10-5 
 71
Chapter 4 Sand Seabed Responses under the Wave Loading 
 
m/s. That means in 250 mm deep sand bed, the pore pressure response is not sensitive 
to the changes of permeability k. 
 
4.5 Comparisons of theory and experiment: oscillating pore pressure response in 
the sand bed  
The build-up of pore pressure in loose sands has been studied and analyzed by various 
researchers including Sekiguchi and Sassa (1999). However, the seabed response in 
ocean is mostly oscillating response. No studies on the oscillating seabed response in 
centrifuge were conducted and it is believed the experiment results of oscillating 
response is important to understand the seabed response from theoretical analysis. 
Thus these results should be analyzed in detail. 
Typical simultaneous recordings of wave and pore pressures at various depths for the 
fine sand and coarse sand are given in Figure 4.6 and Figure 4.7 for the 250 mm thick 
sand bed, in Figure 4.8 and 4.9 for the 100 mm thick sand bed. As z increases, the 
pore pressure decreases and a phase delay appears for both sands. 
To facilitate the comparison, the results are obtained using Hsu & Jeng’s solution. The 
vertical distribution of the non-dimensional pore pressure |p|/p0 is drawn as a function 
of z in Figures 4.23 to 4.26 for both sands in the 100 mm and 250 mm thick sand beds. 
It is found that the experimental results are in agreement with the results of Hsu & 
Jeng’s solution for both fine and coarse sands. The experimental results show that 
when the waves progress faster (wave period is shorter), the pore pressure along the 
depth decreases faster. This is consistent with the analytical results. In these Figures, it 
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is clear that the bottom boundary has an effect on the pore pressure response in the 
both sand beds. This is to say that the thickness of sandbed has a big effect on 
development of pore pressures. 
For the 100 mm thick sand bed, there is an obvious increase in pore pressure 
amplitude (about 23% for coarse sand, 10% for fine sand) near the bottom zone. To 
make it clearer, the vertical distribution of the non-dimensional pore pressure |p|/p0 is 
drawn as a function of z/L in Figure 4.27 and 4.28 for both the sands in 100 mm and 
250 mm thick sand bed. The figures indicate the solutions based on the assumption of 
infinite depth fail in predicting the obvious increase near bottom and the 
corresponding changes of pore pressure in up-layer sand, especially when the seabed 
is very shallow. The solution from Hsu & Jeng can not predict the increase in pore 
pressure near the bottom of the coarse sand bed. 
Besides the damping of pore pressure along the depth, another character in the seabed 
response is the phase lag of oscillating pore pressure. According to the study of Okusa 
(1985), if the seabed soil is saturated, i.e. Sr = 1.0, the fluctuation of wave-induced 
pore pressure is in phase with the waves. For the seabed soil with Sr < 1.0, the phase 
lag increases with depth and attains its maximum at about a depth of (0.02-0.03)L/2π. 
After that the phase lag decreases very rapidly with depth and for depths greater than 
about 0.1L/2π no influences of the phase lag can be observed in almost all cases. 
However, the phase lag in the centrifuge tests is different from the results of the 
previous studies (Okusa, 1985. Yamamoto, 1978), The phase lag variation with the 
depth z is plotted in Figure 4.29 for fine sand. From the figure, it is clear slight phase 
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lag (about 10~20 degrees) appeared in the top layer of seabed (above 100 mm). 
However, below 100 mm, the phase lag increases with the depth and reaches about 
100 degrees at bottom. This big phase lag is definitely not from the effect of bottom 
boundary, because such big phase lag can not be observed in 100 mm thick sand bed. 
This big phase lag is also not from the interfere of electrics noise of PPTs, because the 
electrics noise of PPTs is very small compared to the pore pressure response in sand 
bed.  The phase lag in coarse sand is drawn in Figure 4.30. Again the 250 mm deep 
model shows unusual phase lag at greater depths. According to the previous study 
(Okusa, 1985), there is no phase lag in a nearly fully saturated coarse sand bed. 
However, the phase lag shown in Figure 4.30 shows almost the same trend as the one 
in fine sand bed.  
The unusual phase lag is observed in the 250mm deep models only. A possible reason 
is its density. The initial wave loading caused conventional liquefaction and densified 
only top 150mm of fine sand bed. In case of coarse sand bed, there is no conventional 
liquefaction, though top of coarse sand bed has settled. This implies that bottom parts 
of 250mm models have lower densities than the top parts. The difference in density 
would result in a difference in Young’s modulus and permeability. These changes 
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4.6 The possibility of cyclic liquefaction and corresponding structure settlement 
in fine sand bed under wave loading 
It was reported in ocean environment that the concrete armor blocks on beaches 
gradually settled into the sandy seabed (Sakai et al., 1992). The decrease of vertical 
effective stress in the sand bed and resultant liquefaction under wave action were 
identified as one of the reasons for the sinking of the blocks. Under the wave trough 
phase, the pore pressure does not decrease as much as the wave pressure on the bed 
surface, and also there is a phase lag in the pore water pressure. As a result, the pore 
water pressure becomes larger than the static pressure at the wave trough phase, and 
the effective vertical stress decreases. Since the static effective stress near the seabed 
surface in calm water is small, there is a chance that the decrease of vertical effective 
stress due to waves becomes larger than the static effective stress at the wave trough 
phase; and therefore the seabed is momentarily liquefied at the wave trough phase. 
This liquefaction is repeated periodically by waves, and is called “momentary 
liquefaction” or “cyclic liquefaction”. 
The vertical effective stress, , is defined as a difference between the vertical total 
stress and the pore-water pressure. The vertical total stress is approximately given as 
the sum of the vertical static effective stress in calm water, , and the water 
pressure. The water pressure is the sum of the static water pressure in calm water and 





b. The pore water pressure is, on the 
other hand, given as the sum of the static water pressure and the pore pressure 
variation, p. Therefore, the vertical effective stress,  is approximately given by 'zσ
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ppbzz −+≅ ' 0' σσ                                                  4-20 
The variation of vertical effective stress due to waves is attributed to the difference 
between the second and third terms in the right-hand side of equation 4-20. 
From the solution by Mei and Foda (1981) and the above equation 4-20, Sakai et al. 






×= tan2                                              4-21 
where k is the permeability coefficient of soil, g is the acceleration of gravity, G is the 
shear modulus of soil, T is the wave period, h is the water depth, wρ  is the density of 
pore water and β  is the effective bulk modulus of pore water. The constant is 
dependent on the wave conditions. 
 Equation 4-21 shows in a normal sand bed in a small-size wave tank (1g), the value 
of ThgkG w
2ρ  is two orders larger than in actual sandy bed. It is therefore difficult 
to reproduce the cyclic liquefaction in a small size tank using a normal sand bed. 
However, such phenomena is possible to happen in centrifuge, because the value of 
ThgkG w
2ρ  in a small size wave tank in centrifuge is same as in actual sandy bed 
due the increasing of gravity level if same soil was used in both conditions. From the 
equation 4-21, for a given wave condition and the soil stiffness, the effective bulk 
modulus of pore water β  plays a critical role in cyclic liquefaction, and the effective 
bulk modulus of pore water β  is directly related to the gas amount in the soil. 
In order to investigate the variation of vertical effective stress in fine sand bed due to 
waves and the corresponding possibility of cyclic liquefaction and instability of 
structure placed on the seabed, a solid pipe was placed on the dense sand seabed 
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surface in the centrifuge tests. The specifications of the pipe are 
Diameter: 4 mm 
Length: 200 mm 
Density: 7.8 g/mm3
The setup of structure (pipe) on the seabed under the wave loading is shown in Figure 
4.31. The experimental procedure is 
1) Prepare a densified sand bed of 82% relative density (250 mm depth) 
according to the procedure described in Chapter 3. PPTs were also placed in 
corresponding depth using the support structure for PPT of 250 mm length. 
2) Place the pipe on the middle of sand bed and record it’s initial position. Let the 
pipe have 20 mm distance away from the support structure for PPTs to avoid 
the effect from the support structure. 
3) Spin the centrifuge to 50 g acceleration and let it spin about 30 minutes under 
the steady state centrifugal acceleration of 50 g 
4) Spin down the centrifuge and record the new position of pipe, calculate the 
settlement of pipe. 
5) The procedure described above (3) and (4) was repeated until the settlement of 
pipe under it’s self-weight does not increase. 
6) The wave (water depth is 100 mm, wave period is 0.1 second, wave height is 
63 mm) is generated. 
7) Stop the wave and spin down the centrifuge, record the new position of pipe 
and calculate the settlement of pipe under the wave loading 
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Figure 4.32 is the time recording of variation of vertical effective stress due to wave at 
the soil depth equal to 8 mm (0.4 m in prototype size). Figure 4.31 shows that the 
cyclic liquefaction did not happen at 8 mm because the vertical effective stress isn’t 
equal to zero. The phase lag of pore pressure could be observed at the soil depth equal 
to 8 mm, see Figure 4.33. 
The test shows after 400 seconds (5.56 hours in prototype time) of wave loadings, the 
settlement of pipe is 14.7 mm (0.735 m in prototype size). This means that although 
the cyclic liquefaction did not happen, the structure still can dive into the sand seabed 
under the wave loading. The decrease of effective stress of top layer of sand bed and 
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Model size 0.1 10 0.1 & 0.25 




Table 4.2 Change in sand bed characteristics under wave loading 
Before wave loading After wave loading 



















Fine sand 42 % 0.84 0.46 82% 0.65 0.41 12.6 
Coarse sand 57% 0.91 0.49 72% 0.86 0.48 3.0 











Table 4.3 Input Parameters 
Sand Parameters Wave Parameters 
Sand type 
n µ E (Pa) k (m/s) Sr d (m)  f (hz) h (m) 
Fine Sand 0.39 0.35 3.4×107 3.×10-4 0.996 0.1, 0.25 7~11 0.1 
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Figure 4.2a Wave loading applied on the seabed surface (fine sand, soil depth = 100 mm) 
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Figure 4.2b Measured pore pressure response in loose fine sand bed (soil depth = 100 mm) 
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Figure 4.2c Measured pore pressure response in loose fine sand bed (soil depth = 100 mm) 
 
 81
Chapter 4 Sand seabed responses under the wave loading 




















T i m e  ( m s )
z = 0 . 0 m m
 
Figure 4.3a Wave loading applied on the seabed surface (fine sand, soil depth = 250 mm) 
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Figure 4.3b Measured pore pressure response in loose fine sand bed (soil depth = 250 mm) 
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 Figure 4.5a Wave loading applied on the seabed surface (coarse sand, soil depth = 100 mm) 
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 Figure 4.5b Measured pore pressure response in loose coarse sand bed (soil depth = 250 mm) 
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 Figure 4.6 Typical time histories of wave and pore pressure at various depths  
for 250 mm thick fine sand bed 
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 Figure 4.7 Typical time histories of wave and pore pressure at various depths  
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 Figure 4.8 Typical time histories of wave and pore pressure at various depths  
for 100 mm thick coarse sand bed 
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 Figure 4.9 Typical time histories of wave and pore pressure at various depths  





























Figure 4.10 Definition sketch 
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Figure 4.11 The effect of degree of saturation Sr to the vertical distribution |p|/p0  
in 100 mm thick coarse sand bed 






















 Figure 4.12 The effect of degree of saturation Sr to the vertical distribution |p|/p0  
in 100 mm thick fine sand bed 
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 Figure 4.13 The effect of degree of saturation Sr to the vertical distribution |p|/p0  
in 250 mm thick coarse sand bed 
 






















 Figure 4.14 The effect of degree of saturation Sr to the vertical distribution |p|/p0  
in 250 mm thick fine sand bed 
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 Figure 4.15 The effect of Young’s modulus E to the vertical distribution |p|/p0  
in 100 mm thick coarse sand bed 
 
 






















 Figure 4.16 The effect of Young’s modulus E to the vertical distribution |p|/p0  
in 250 mm thick coarse sand bed 
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 Figure 4.17 The effect of Young’s modulus E to the vertical distribution |p|/p0  
in 100 mm thick fine sand bed 
 






















 Figure 4.18 The effect of Young’s modulus E to the vertical distribution |p|/p0  
in 250 mm thick fine sand bed 
 
 90
Chapter 4 Sand seabed responses under the wave loading 























 Figure 4.19 The effect of soil permeability k to the vertical distribution |p|/p0  
in 100 mm fully saturated sand bed 
 























 Figure 4.20 The effect of soil permeability k to the vertical distribution |p|/p0  
in 250 mm fully saturated sand bed 
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 Figure 4.21 The effect of soil permeability k to the vertical distribution |p|/p0  
in 100 mm partially saturated sand bed 
 























 Figure 4.22 The effect of soil permeability k to the vertical distribution |p|/p0  
in 250 mm partially saturated sand bed 
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Hsu & Jeng solution
(h=infinite)
T=0.91~0.143 sec
















 Figure 4.23 Vertical distribution of the amplitude of pore pressure  
in 100 mm thick coarse sand bed 
 































 Figure 4.24 Vertical distribution of the amplitude of pore pressure  
in 250 mm thick coarse sand bed 
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 Figure 4.25 Vertical distribution of the amplitude of pore pressure  
in 100 mm thick fine sand bed 
 
































 Figure 4.26 Vertical distribution of the amplitude of pore pressure  
in 250 mm thick fine sand bed 
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 Figure 4.27 Vertical distribution of the amplitude of pore pressure  
versus z/L in coarse sand bed (The solid line are obtained using Hsu &Jeng’s solution) 
 































 Figure 4.28 Vertical distribution of the amplitude of pore pressure  
versus z/L in fine sand bed (The solid line are obtained using Hsu &Jeng’s solution) 
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 Figure 4.29 Phase lag in fine sand bed 
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Figure 4.33Phase lag of pore pressure at z=8.0 mm 
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The response of seabed due to wave loading is important for many engineering 
problems like sub-marine slope stability, study of sinking of objects placed on seabed 
etc. Until recently, wave tank tests at 1-g condition have been carried out extensively 
(Clukey, 1985, Foda & Tzang 1994 and Sumer, 1999). However, the wave tank tests 
conducted at 1-g conditions do not reproduce correct in-situ stress levels, which are 
important for simulating the responses of non-linear materials like soil. Also producing 
sufficiently strong waves is difficult in the general wave tank tests.  Centrifuge testing, 
on the other hand, offers distinct advantages to simulate correct in-situ stresses. In 
addition, time in centrifuge modelling gets scaled down and hence testing in centrifuge 
is faster. 
The present study investigates the responses of loose and dense seabeds subjected to 
wave loading using centrifuge model studies.  
 
5.2 Research Work Carried Out 
As part of the study, a new wave making equipment was developed. In this wave maker, 
waves are generated in centrifuge using a wave paddle driven by an AC servo motor.  A 
slotted vertical partition with gravel behind was used as wave absorber to ensure 
generation of progressive waves. 
The time scaling laws of fluid wave propagation and consolidation of soil were 
matched using the viscous scaling, in which silicon oil of 50 cSt was used as pore fluid 
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at 50g centrifuge testing. Coarse sand and fine sand, whose mean grain size is 1 mm and 
0.2 mm respectively, were used in the centrifuge wave tank tests. 
Loose sand beds, using both fine and coarse sand, were prepared by pouring sand into 
silicon oil. The average initial relative density of fine sand beds was 42%, where as for 
coarse sand the initial average density was 57%. The sand beds were inundated with 
about 100mm of silicon oil, the models were subjected to 50g, which represents 5m of 
still water depth at prototype scale. The seabed was subjected to waves of  10 Hz 
frequency. The first wave loading caused an increase in pore pressure and 
corresponding increase in the relative density of seabed. The seabed at this stage may 
be representative of the field situation as most seabeds would have already been 
densified due to wave loading history. Then, new waves of 7 to 10 Hz frequency were 
applied to the densified sandbed to investigate the oscillating pore pressure responses in 
a dense sand bed. The time histories of pore pressure were recorded by the pore 
pressure transducers embedded in the sand bed. 
The pore pressures measured in dense seabeds are compared with analytical solution 
provided by Hsu and Jeng (1994). The variation of pore pressure with depth and phase 
lag of pore pressure were focused in the comparisons. 
 
5.3 Concluding remarks 
The main findings and conclusions may be summarized as follows. 
1. Progressive waves in centrifuge could be generated using the newly developed 
wave making system. The porous material (gravel) placed behind the slotted 
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wave absorber was found to can improve the wave-absorber efficiency. The 
reflection coefficient KR of the wave absorber was as low as 0.162 under the 
most favorable conditions. The optimal dead space length l, the distance 
between vertical slotted partition and the wall,  was about 0.21L, where  L is the 
wave length. 
2. Under the severe wave loading, a loose fine sand bed with 100 mm soil depth 
could completely liquefy and for a sand bed of 250 mm thick soil, the 
liquefaction depth reached 150 mm. 
3. After liquefaction, the dissipation of pore pressure in fine sand bed could be 
observed and obvious settlement (about 13 mm) occurred. 
4. For the loose coarse sand bed, the build-up of pore pressure did not happen and 
only slight settlement could be observed under the wave loading. This is 
directly linked to the permeability of sand. The high permeable coarse sand 
allows the fluid to flow easily through the large voids of this coarse sand. That 
will make the build up of pore pressure difficult in highly permeable coarse 
grain soil. 
5. Pore pressure did not increase gradually in the densified seabeds (both fine and 
coarse sand beds) due to wave loading. The pore pressure response in the 
seabed is oscillating. The excess pore pressure decreases with increase in depth, 
and there appears to be a phase lag.  
6. The experiment data were compared with the analytical solution by Hsu & Jeng 
(1994), which is based on the assumption of finite seabed depth. It is found that 
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the pore pressure distribution along the depth is in agreement with the results of 
analytical solution for both fine and coarse sands. The analysis shows the 
bottom boundary has an effect on the pore pressure response in both sand beds. 
An obvious increase in pore pressure could be observed near the bottom. The 
increase in pore pressure in fine sand bed could be predicted by Hsu & Jeng’s 
solution. 
7. The phase lag observed in the experiments shows different characters from the 
previous studies (Okusa, 1985; Yamamoto, 1978). For fine sand, above 100 mm, 
the phase lag is consistent with the previous studies (Okusa, 1985; Yamamoto, 
1978). However, a big phase lag appeared below 100 mm and it is very different 
from the previous studies (Okusa, 1985; Yamamoto, 1978). For coarse sand, it 
is supposed no phase lag could be observed in a nearly fully saturated coarse 
sand bed from previous studies (Okusa, 1985; Yamamoto, 1978). However, the 
results of the present experiments show that there is a phase lag in coarse sand 
bed and it increased with depth.  
8. Cyclic liquefaction was not observed in the present experiments with the 
applied wave loading. However, a simple centrifuge test of wave-structure 
interaction shows a pipe placed on a dense fine sand bed could sink into the soil 
under wave loading. It is believed that the settlement of the pipe is linked to a 
variation of vertical effective stress in fine sand bed and corresponding 
reduction of soil stiffness. 
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5.4 Recommendations for future studies 
The present centrifuge wave generating system could be used to further study the 
seabed behaviour subjected to wave loading. The following topics are recommended 
for obtaining a better understanding on the seabed response under wave loading: 
1. Studies using structures placed on the soil bed in the centrifuge wave generating 
system could be conducted to investigate the interaction of structure and 
seabed. 
2. The soil conditions are highly variable in practice. Thus it is recommended to 
conduct wave-structure-seabed tests in this system using different soils, such as 
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